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ABSTRACT
Context. In the hierarchical two-phase formation scenario, the halos of early type galaxies (ETGs) are expected to have different
physical properties from the galaxies’ central regions.
Aims. The ePN.S survey characterizes the kinematic properties of ETG halos using planetary nebulae (PNe) as tracers, overcoming
the limitations of absorption line spectroscopy at low surface brightness.
Methods. The survey is based on data from the custom built Planetary Nebula Spectrograph (PN.S), supplemented with PN kine-
matics from counter-dispersed imaging and from high-resolution PN spectroscopy. We present two-dimensional velocity and velocity
dispersion fields for 33 ETGs, including both fast (FRs) and slow rotators (SRs), making this the largest kinematic survey to-date of
extragalactic PNe. The velocity fields are reconstructed from the measured PN velocities using an adaptive kernel procedure validated
with simulations, and extend to a median of 5.6 effective radii (Re), with a range [3Re − 13Re]. We complemented the PN kinematics
with absorption line data from the literature, for a complete description of the kinematics from the center to the outskirts.
Results. We find that ETGs typically show a kinematic transition between inner regions and halo. Estimated transition radii in units
of Re anti-correlate with stellar mass. SRs have increased but still modest rotational support at large radii, while most of the FRs show
a decrease in rotation, due to the fading of the inner disk in the outer, more slowly rotating spheroid. 30% of the FRs are dominated
by rotation also at large radii. Most ETGs have flat or slightly falling halo velocity dispersion profiles, but 15% of the sample have
steeply falling profiles. All of the SRs and 40% of the FRs show signatures of triaxial halos such as kinematic twists, misalignments,
or rotation along two axes. We show with illustrative photometric models that this is consistent with the distribution of isophote twists
from extended photometry.
Conclusions. ETGs have more diverse kinematic properties in their halos than in the central regions. FRs do contain inner disk
components but these frequently fade in outer spheroids which are often triaxial. The observed kinematic transition to the halo and its
dependence on stellar mass is consistent with ΛCDM simulations and supports a two-phase formation scenario.
Key words. Galaxies: elliptical and lenticular, cD - Galaxies: general - Galaxies: halos - Galaxies: kinematics and dynamics -
Galaxies: structure
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1. Introduction
Observations (e.g. Trujillo et al. 2006; van Dokkum et al. 2010)
as well as simulations (e.g. Oser et al. 2010; Rodriguez-Gomez
et al. 2016; Qu et al. 2017) suggest a two phase scenario for the
formation of early type galaxies (ETGs). An initial fast assem-
bly stage, in which the ETGs grow through rapid star formation
fueled by the infall of cold gas (z & 1.5) or through major merger
events (Wuyts et al. 2010; Sommer-Larsen & Toft 2010; Bour-
naud et al. 2011; Wellons et al. 2016), is followed by a series of
merger episodes which enrich the galaxy halos of stars and make
them grow efficiently in size (Oser et al. 2010; Gabor & Davé
2012; Lackner et al. 2012; Buitrago et al. 2017). The hierarchi-
cal accretion scenario finds its best evidence in the observations
of a rapid growth of stellar halos at redshift . 2 with little or no
star formation (e.g. Daddi et al. 2005; Trujillo et al. 2007; van
Dokkum et al. 2010; Damjanov et al. 2011). In this context ETGs
are layered structures in which the central regions are the rem-
nant of the primordial stars formed in-situ, while the external ha-
los are principally made of accreted material. The consequence
is that the halos are expected to show significant variation with
radius of properties such as light profiles (Huang et al. 2013;
D’Souza et al. 2014; Iodice et al. 2016; Spavone et al. 2017),
and kinematics (Coccato et al. 2009; Romanowsky & Fall 2012;
Arnold et al. 2014; Foster et al. 2016).
Long slit spectroscopic observations of ETGs (e.g. Davies
et al. 1983; Franx et al. 1989; Bender et al. 1994) revealed that
this apparently homogeneous class of objects actually displays
a kinematic diversity which also correlates with the isophote
shape (Bender 1988b; Kormendy & Bender 1996). Disky ellip-
ticals generally rotate fast, while slowly rotating ellipticals have
a rather boxy shape. A remarkable step forward in the compre-
hension of the nature of ETGs was attained by the ATLAS3D
project (Cappellari et al. 2011), which for the first time applied
integral-field spectroscopy (IFS) over a statistically-significant
sample, mapping kinematics, dynamics, and stellar population
properties within one effective radius (Re). A new paradigm for
ETGs was proposed, which distinguishes between FRs and SRs
according to the central projected specific angular momentum,
λR (Emsellem et al. 2007). FRs include also S0 galaxies and
represent the great majority (86%) of ETGs. These are appar-
ently oblate systems with regular disk-like kinematics along the
photometric major axis. SRs, on the other hand, often display
kinematic features such as counter-rotating cores or twist of the
kinematic position angle. They are relatively rounder systems,
mildly triaxial, and tend to be massive (Cappellari et al. 2013a).
The two classes have been interpreted as the result of the
variety of processes shaping galaxies, leading to a sequence of
baryonic angular momentum (Emsellem et al. 2011; Naab et al.
2014; Wu et al. 2014). On-going surveys like MANGA (Bundy
et al. 2015), CALIFA (Sánchez et al. 2012), SAMI (Croom et al.
2012; Bryant et al. 2015), and MASSIVE (Ma et al. 2014) are
currently working on increasing the size of the sample of IFS
mapped objects, and extending the study to a wider range of en-
vironment and mass.
However, a classification scheme based on the characteris-
tics of the galaxies in the central regions (inside ∼ 1Re) may
not be fully representative of the nature of these objects (e.g.
Bellstedt et al. 2017b), raising the question of how complete our
understanding is without a full knowledge of their properties on
larger scales. The outer regions beyond Re in fact contain half
of the galaxies’ stars and most of their dynamical mass. Dark
matter is known to dominate there (e.g Mandelbaum et al. 2006;
Humphrey et al. 2006; Koopmans et al. 2009; Churazov et al.
2010) and dynamical modeling of the outskirts is essential to
constrain its distribution at intermediate radii (e.g. Gerhard et al.
2001; Romanowsky et al. 2003; Thomas et al. 2009; Napolitano
et al. 2011; Morganti et al. 2013). Stellar halos are predicted
to host mostly accreted star material as shown by particle tag-
ging simulations (Cooper et al. 2013) and hydro-dynamical sim-
ulations (Rodriguez-Gomez et al. 2016). In addition, these re-
gions provide insight into the most recent dynamical phase of
the galaxy. In the halos the settling times are of order 1 Gyr and
so signatures of the most recent assembly events may still be
apparent, providing a mine of information about their formation
and evolution mechanisms (e.g. Bullock & Johnston 2005; Tal
et al. 2009; Romanowsky et al. 2012; Coccato et al. 2013; Duc
et al. 2015; Longobardi et al. 2015). Thus extending investiga-
tions to the outer halos is crucial for having a complete picture
of ETGs.
However kinematic measurements are not easily obtained
for ETG halos, which generally lack cold gas (and so the 21
cm HI emission) used to probe the outer parts of spiral galax-
ies. Since the continuum light from the stars quickly drops
with radius, absorption line spectroscopy is challenging beyond
1 − 2 Re. This limits the assessment of the complicated dy-
namics of ETGs which, because dominated by dispersion, ne-
cessitates a good knowledge of the higher moments of the line
of sight velocity distribution (LOSVD) in order to alleviate the
anisotropy-potential-degeneracy (e.g. Gerhard 1993; Rix et al.
1997; Thomas et al. 2009; de Lorenzi et al. 2009; Napolitano
et al. 2009).
Kinematic studies of ETGs from integrated-light spectra out
to large radii have been performed by Kelson et al. (2002); Wei-
jmans et al. (2009); Coccato et al. (2010); Murphy et al. (2011);
Barbosa et al. (2018) using long slit spectroscopy or IFS on indi-
vidual objects. More recently the SLUGGS survey (Arnold et al.
2014; Foster et al. 2016; Bellstedt et al. 2017a), the MASSIVE
survey (Raskutti et al. 2014; Veale et al. 2017), and Boardman
et al. (2017) generated kinematic data from integral field spec-
trographs (IFSs) for larger samples of ETGs, but never reaching
beyond 3 − 4Re1.
The only possibility to probe the kinematics of a large sample
of galaxies out to the very outskirts is through kinematic tracers
that overcome the limit of the decreasing surface brightness, like
globular clusters (e.g. Schuberth et al. 2010; Strader et al. 2011)
or planetary nebulae.
Planetary nebulae (PNe) are established probes of the stel-
lar population in ETG halos (e.g. Longobardi et al. 2013; Hartke
et al. 2017). Their bright [OIII] line stands out against the faint
galaxy background, making them relatively easy to detect. Since
they are drawn from the main stellar population, their kinematics
traces the bulk of the host-galaxy stars, and are directly compara-
ble to integrated light measurements (Hui et al. 1995; Arnaboldi
et al. 1996; Méndez et al. 2001; Coccato et al. 2009; Cortesi
et al. 2013a). This makes PNe the ideal kinematic probes for
the halos of ETGs. Globular clusters do not generally follow the
surface brightness distribution of the stars and do not trace the
stellar kinematics (e.g. Brodie & Strader 2006; Coccato et al.
2013; Veljanoski et al. 2014), and their color bimodality, sug-
gesting two distinct formation mechanisms (Renaud et al. 2017,
and references therein), complicates the interpretation of their
use as kinematic tracers. The pioneering work of Coccato et al.
(2009) studied the kinematics of 16 ETGs traced with PNe out
1 The values of Re used by most kinematic studies are measured in the
bright central regions of galaxies, and may underestimate the half light
radii (see discussion in section 8.6).
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to 8Re, finding evidence for kinematic transitions at large radii
from the trends observed in the central regions (see also Arnold
et al. 2014).
The extended Planetary Nebula Spectrograph (ePN.S) survey
in based on observation mostly done with the PN.S, and consists
of catalogs of PNe for 33 ETGs. This dataset is the largest sur-
vey to-date of extragalactic PNe identified in the halos of ETGs,
complementing the absorption line kinematics of the central re-
gions available in the literature. The rationale of the survey, the
sample definition, and the construction of the catalogs are de-
scribed in detail in Arnaboldi et al. (in preparation). Section 2
is a brief description of the ePN.S sample. Section 3 describes
the general procedure adopted for extracting the mean velocity
fields from the measured radial velocities of PNe, and reviews
the adaptive kernel smoothing technique introduced by Coccato
et al. (2009). In section 4 we evaluate the systemic velocity of the
galaxies. The point-symmetry of the smoothed velocity fields is
studied in section 5, while the trends of the kinematic param-
eters, such as rotational velocity, kinematic position angle, and
velocity dispersion, are derived in section 6. The results are de-
scribed in section 7 with a detailed analysis of SRs and FRs. A
discussion of the results is presented in section 8. In section 9 we
give a summary of the work and draw our conclusions.
2. Description of the Sample - Observations - Data
reduction
This work is based mostly on data collected with the Planetary
Nebula Spectrograph (PN.S) at the William Herschel Telescope
in La Palma. The PN.S is a custom-built instrument designed
for counter-dispersed imaging (Douglas et al. 2002). Arnaboldi
et al. (in prep.) collected catalogs of PNe for 25 galaxies from
PN.S, 11 of which new, to which they added 6 further catalogs
from the literature and 2 additional new catalogs, for a total of
33 ETGs. This ePN.S sample is magnitude limited and covers
a wide range of internal parameters, such as luminosity, central
velocity dispersion, ellipticity, boxy/diskyness (table 1 summa-
rizes the properties of the sample and the origin of the catalogs).
Our catalogs contain a total of 8636 PNe, with data covering
4, 6, and 8 effective radii (Re) for, respectively, 85%, 41%, and
17% of the sample, with median extension of 5.6 Re (see Rmax
values of the last radial bins in table 1). This makes the ePN.S
the largest kinematic survey to-date of extragalactic PNe in the
outer halos of ETGs.
Arnaboldi et al. (in prep.) give a full discussion of the ex-
traction and validation of the catalogs; here we provide a brief
description of the adopted procedures. All the datasets (the new
catalogs, as well as the PN catalogs from the literature) are uni-
formly (re)analyzed, in order to obtain a homogeneous sample of
ETG kinematics whose properties can be consistently compared.
The new PN.S observations, the 2 additional new catalogs, and
the reanalyzed catalogs will be described in Arnaboldi et al. (in
prep.).
For each galaxy, after the raw catalog has been obtained, it
is uniformly cleaned from possible spurious sources and from
so-called velocity "outliers". The first step for the removal of
outliers among the PN candidates is the exclusion of all the de-
tections with signal-to-noise ratio below a given threshold. We
adopted S/N ≥ 2.5 as good compromise value between a rea-
sonable signal-to-noise and the number of detections that satisfy
this requirement.
Next we separate PNe belonging to any satellites from those
in the hosts. For this we use the probability membership method
from McNeil-Moylan et al. (2012), which uses both kinematic
and photometric information to assign to each star a probabil-
ity of belonging to the satellite or host. Membership to the host
galaxy is assigned only if the probability is greater than 90%.
The last step is the removal of outliers in the remaining host
PN velocity distribution. Such outliers could, e.g., arise because
of contamination from other narrow emission-line sources (i.e.
background star-forming galaxies) that are not resolved and ap-
pear point-like in the counter-dispersed images, similar to the
monochromatic [OIII] 5007A˚ emission from a PN. We identify
outliers using a robust mean/sigma clipping procedure. The al-
gorithm derives a robust mean velocity (vmean) and velocity dis-
persion σ, using a running average in a 2D phase space (co-
ordinate, v) with a window of N data points (15 . N . 30,
according to the number of tracers in each galaxy) and a 3
data points step. An iterative procedure clips the PN candidates
whose |v−vmean| > 2σ, and evaluates vmean and σ until the num-
ber of clipped objects stabilizes. In each iteration σ is corrected
by a factor 1.14 to account for the 2σ cut of the LOSVD tails.
Finally, to the 95% of a galaxy’s PNe thus validated, the remain-
ing 5% of the PNe are added back to the sample, using those
clipped objects which are closest in v to the 2σ contours, so that
the final PN sample also includes the objects expected in the ap-
proximately Gaussian tails of the LOSVD.
In the case of disk galaxies, dominated by rotation, a
disk/spheroid decomposition was performed following Cortesi
et al. (2011): using both photometric data and kinematic infor-
mation we assigned to each PN the probability of being asso-
ciated with each photometric component. The tagging of the
outliers from the disk and the spheroid separately allows us
to account for their different kinematics when using the robust
mean/sigma clipping procedure. The disk is processed first, and
its flagged PNe are added to the PNe of the bulge. Eventually the
flagged bulge PNe are considered as outliers of the entire galaxy.
Finally, we estimated the number of background emitting
galaxies, whose emission line might fall in the range of velocities
determined in the procedure above. We employed the approach
adopted in Longobardi et al. (2013), which uses the Lyman al-
pha (Lyα) luminosity function by Gronwall et al. (2007), and
adapted it to the ePN.S survey. Given the limiting magnitude, the
area coverage, and the filter band-passes of the PN.S, the num-
ber of expected background galaxies is 2. This is an upper limit,
as the Gronwall et al. (2007) sample also includes [OII] emit-
ters at z ' 0.34. These [OII] emitters are characterized by the
oxygen doublet at 3726 − 3729A˚ that is resolved in wavelength
at the resolution of the PN.S, so the [OII] emitters have already
been removed from the PN candidate sample because they are
not monochromatic emission. We discuss the effect of the Lyα
background contaminants on the kinematics in section 3.2.2.
The datasets processed in this way are the Bona Fide PNe
catalogs used in the following analysis.
3. Kernel smoothing method
The measured line-of-sight (LOS) velocities of the PNe are ran-
dom samplings of the galaxy LOSVD function at the position of
the source. Therefore each velocity measurement randomly de-
viates from the local mean velocity by an amount that depends
on the local LOS velocity dispersion.
In order to extract the mean LOS velocity and the LOS ve-
locity dispersion fields from this discrete velocity field, we use
an adaptive kernel smoothing technique, as described in Coccato
et al. (2009), that performs a local average of the measured dis-
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crete LOS velocities. In the following section we briefly review
the smoothing technique, while we refer to Coccato et al. (2009)
for a more detailed discussion. In appendix A we validated the
adopted procedure on simulated data, in order to test the effects
of different statistical realizations of a given sample of tracers,
the dependency on the number of tracers, and different V/σ ra-
tios on the estimated kinematic parameters.
3.1. Averaging the discrete velocity field with the adaptive
kernel smoothing technique
The smoothing of the discrete velocity field is carried out by
computing the velocity at each position (x, y) in the sky as a
weighted mean v˜(x, y) of all the PN LOS velocities v
v˜(x, y) =
∑
i viwi,p∑
i wi,p
(1)
while the velocity dispersion σ˜(x, y) is given by the square root
of the variance of v with respect to v˜
σ˜(x, y) = (〈v2〉 − 〈v〉2 − δv2)1/2
=
∑i v2i wi,p∑
i wi,p
− v˜(x, y)2 − δv2
1/2 (2)
The weight wi,p of each PN is defined using a Gaussian Kernel
that depends on the distance of the PN from the position (x, y),
normalized by a kernel width K
wi,p = exp
−D2i
2K(x, y)2
; K(x, y) = A
√
M
piρ
+ B (3)
The latter controls the spatial scale of the region over which the
smoothing is performed, and hence the spatial resolution of the
kinematic study. Large values of K, in fact, lead to smoother
profiles in the mean LOS velocity fields, highlighting the gen-
eral trends, but also suppressing the small scale structures, while
smaller values of K allow a better spatial resolution but may am-
plify any noise pattern. Hence the optimal K should be a compro-
mise between spatial resolution and statistical noise smoothing.
The width K is therefore defined to be linearly dependent
on the distance between the position (x, y) and the Mth closest
PN, so that K is a function of the local density of tracers ρ(x, y).
This allows K to be smaller in the innermost, dense regions of
galaxies, and larger in the outskirts, where their density is usu-
ally lower. The optimal kernel parameters A and B are derived
as described in section 3.1.1. We chose M = 20, but Coccato
et al. (2009) tested the procedure with 10 < M < 60 finding no
significant differences in the results.
3.1.1. Deriving the optimal A and B kernel parameters
The parameters A and B in equation (3) are chosen so that the
best compromise between spatial resolution and noise smooth-
ing is achieved. We developed an iterative procedure in order to
derive the optimal kernel parameters that realize this condition.
We first estimated the velocity gradient to be resolved by
the smoothing procedure by performing a preliminary averaging
with a fully adaptive kernel (A = 1 and B = 0). The derived mean
velocity field, v˜A=1,B=0, is fitted with a cosine function, which, in
general, approximately describes the velocity profiles of early
type galaxies (see Cohen & Ryzhov 1997):
v˜A=1,B=1(φ) = Vmax cos(φ − PAkin) + const (4)
This interpolation function provides a measure of the position
angle of the kinematic major axis (PAkin), along which the steep-
est velocity gradient dv˜ is expected to lie. The gradient dv˜ is ob-
tained by fitting a straight line to the velocities v˜ of the PNe lying
in a section along the PAkin direction, as a function of the radius.
The best kernel parameters that allow to resolve spatial sub-
structures with typical velocity gradient dv˜ are derived by build-
ing simulated sets of PNe (see Coccato et al. 2009). The stars are
spatially distributed according to a given density ρ, while their
velocities are assigned using the derived velocity gradient and
adding a dispersion equal to the standard deviation of the ob-
served radial velocities. The artificial sets are processed using
different values of the kernel K until the simulated input velocity
field is recovered: this provides the best K for this ρ. The proce-
dure is repeated for different values of ρ, and the optimal A and
B are the best fit values of equation (3) based on on the derived
best K as a function of ρ.
3.1.2. Errors in the derived velocity fields
Errors on v˜(x, y) and σ˜(x, y) are obtained using Monte Carlo sim-
ulations, as also discussed in Coccato et al. (2009). For each
galaxy, 100 PN datasets are built with simulated radial velocities
at the same positions as the observed PNe. The radial velocity
for each simulated object is obtained from the two-dimensional
smoothed velocity field, adding a random value from a Gaussian
distribution centered at 0 and with dispersion σ =
√
σ˜2 + δv2
where δv is the velocity error. These simulated datasets are
smoothed with the same kernel K as the real sample, and the
standard deviations of the simulated velocity and velocity disper-
sion fields give the errors on v˜ and σ˜. This procedure is validated
in appendix A.2 with PN velocity distributions generated from a
simulated merger remnant galaxy, which are analyzed in an iden-
tical manner as the real galaxy PN samples. As an additional test,
we have also extracted and analyzed kinematic information from
1000 subsamples of the original PN sample for all our galaxies
and found kinematic parameters consistent with our full-sample
results, as described in section 3.2.2.
3.2. Fitting a rotation model
The mean velocity fields, derived from smoothing the discrete
velocities, are divided into radial bins with equal numbers of PNe
such that they contain at least 30 stars. If a galaxy contains less
than 60 tracers, we divide the sample in two bins in order to
study possible radial trends.
The bins are circular for galaxies either with small flatten-
ing, i.e. 10 ×  < 3, or whose PN spatial distribution has a rather
square shape. For all the other galaxies we use elliptical bins ori-
ented along the photometric major axis, with a flattening equal
to a characteristic ellipticity of the isophotes of the galaxy (the
adopted ellipticity, , and photometric position angle PAphot are
given in table 1).
We found that the results of our analysis do not depend on
the chosen flattening but, since the spatial distribution of the
PNe follows the light, and so it may be rather flattened, elliptical
bins help to sample the field homogeneously in an azimuthally-
unbiased way.
In each radial bin, we fitted the PN velocities v˜i of position
(Ri, φi) with a rotation model v˜(φ,R) (see section 3.2.1). Here
φi is the eccentric anomaly of the PN in the bin of coordinates
(xi, yi), φi(xi, yi) = arctan[yi/((1 − )xi)], and  is the ellipticity.
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Table 1. Properties of the ETG sample analyzed in this paper, and list of references
Galaxy MK (a) D(b) class(c) Re(d) Rmax/Re(e) PAphot(f) (g) NPNe(h) References(i) References(l)
NGC [mag] [Mpc] [arcsec] [degrees] PN data abs.line data
0584 −24.23 20.2 F 33 (1) 7.4 63 0.339 25 (7) (21)
0821 −23.99 23.4 F 40 (2) 4.8 31.2 0.35 122 (8) (18);(40);(41)
1023 −23.89 10.5 F 48 (2) 6.8 83.3 0.63 181 (8);(9) (18);(30)
1316 −26.02 21.0 F 109 (3) 4.7 50 0.29* 737 (10) (22)
1344 −24.21 20.9 F 30 (4) 7.8 167 0.333 192 (12) (23)
1399 −25.29 20.9 S 127 (3) 4. 110 0.1* 145 (11) (24)
2768 −24.77 22.4 F 63 (2) 6.2 91.6 0.57 312 (9) (18);(31)
2974 −23.76 22.3 F 38 (2) 5.8 44.2 0.37 22 (7) (18)
3115 −24.02 9.5 F 93 (6) 4.7 43.5 0.607 183 (9) (18);(25)
3377 −22.78 11.0 F 35.5 (2) 7.7 46.3 0.33 136 (8) (18); (33)
3379 −23.80 10.3 F 40 (2) 5.3 68.2 0.13* 189 (8) (19);(32);(40)
3384 −23.51 11.3 F 32.5 (2) 6.8 50 0.5 85 (9) (19)
3489 −23.04 12.0 F 22.5 (2) 4.8 70.5 0.45 57 (9) (19)
3608 −23.69 22.8 S 29.5 (2) 8.2 82 0.2* 92 (8) (18)
3923 −25.33 23.1 S 86.4 (1) 4.9 48 0.271 99 (15) (26)
4278 −23.80 15.6 F 31.5 (2) 7.6 39.5 0.09* 69 (7) (18)
4339 −22.62 17.0 F 30 (2) 3. 15.7 0.07* 44 (7) (20);(38)
4365 −25.19 23.1 S 52.5 (2) 5.6 40.9 0.24* 227 (7) (18)
4374 −25.12 18.5 S 52.5 (2) 5.9 128.8 0.05* 445 (8) (18)
4472 −25.73 16.7 S 95.5 (2) 8.4 154.7 0.19* 431 (7) (20);(37)
4473 −23.76 15.2 F 27. (2) 5.6 92.2 0.43 153 (7) (18)
4494 −24.17 17.1 F 49 (2) 4.8 176.3 0.14* 255 (8) (18);(36)
4552 −24.32 16.0 S 34. (2) 9.2 132 0.11* 227 (7) (19);(38)
4564 −23.10 15.9 F 20.5 (2) 6.5 47 0.53 47 (8) (18)
4594 −24.93 9.5 F 102 (5) 4. 88 0.521 258 (16) (27)
4636 −24.35 14.3 S 89. (2) 3. 144.2 0.23* 189 (7) (20);(39)
4649 −25.35 16.5 F 66 (2) 4.5 91.3 0.16* 281 (13) (18);(34)
4697 −24.14 12.5 F 61.5 (1) 4.5 67.2 0.32 525 (14) (18);(35)
4742 −22.60 15.8 F 14.4 (4) 13.1 80 0.351 64 (7) (28)
5128 −24.16 4.1 F 162.6 (1) 11.9 30 0.069* 1222 (17) (29)
5846 −25.04 24.6 S 59 (2) 4.3 53.3 0.08* 118 (8) (18)
5866 −23.99 14.8 F 36 (2) 9.4 125 0.58 150 (7) (18)
7457 −22.38 12.9 F 36 (2) 3.2 124.8 0.47 108 (9) (18)
Notes.
(a) MK is the total absolute luminosity in the K band. These values are obtained from the total apparent total magnitudes KT of the 2MASS atlas
(Skrutskie et al. 2006) using the distance D, and correcting for foreground galactic extinction AB (Schlegel et al. 1998): MK = KT − 5 log10 D −
25−AB/11.8. We assume AB/AK = 11.8, consistently with Cappellari et al. (2011). The KT magnitudes are from integrating the surface brightness
profiles (∝ exp(−r/rα)(1/β)), extrapolated from the 20 mag/arcsec2 isophote to ∼ 5rα (Jarrett et al. 2003)
(b) Distances of galaxies derived from the surface brightness fluctuation method. Whenever possible we adopt the distance moduli measured by
Blakeslee et al. (2009, B09), otherwise we used the values from Jensen et al. (2003, J03) or from Tonry et al. (2001, T01). The distance moduli
from J03 were rescaled to the zero-point calibration of B09 by applying a shift of +0.1 mag, while the distance moduli from T01 were zero-point-
and bias-corrected using the formula from Blakeslee et al. (2010) and the data quality factor Q given by T01.
(c) The sample is divided into SRs (S) and FRs (F), according to the definition of Emsellem et al. (2011), from the kinematics within 1Re.
(d) Adopted effective radius. The index in parenthesis corresponds to the reference: (1) Ho et al. (2012), (2) Cappellari et al. (2011), (3) Caon et al.
(1994), (4) Blakeslee et al. (2001), (5) Kormendy & Westpfahl (1989), (6) Capaccioli et al. (1987).
(e) Mean radius of the last radial bin in units of effective radii.
(f) Average value of the photometric position angle and
(g) ellipticity (), from Krajnovic´ et al. (2011) (within 2.5 − 3Re) and Ho et al. (2011) (in the outer regions, where they converge to a constant
value) For NGC 3384 and NGC 4564 we used the PAphot from Meusinger & Ismail (2007) and Goudfrooij et al. (1994), respectively. (*) Objects
for which we used circular radial bins ( = 0) , see section 3.2.
(h) Number of detected PNe.
(i) References for the PNe datasets: (7) are new PN.S catalogs presented in Arnaboldi et al. (in prep.), (8) Coccato et al. (2009), (9) Cortesi et al.
(2013a), (10) McNeil-Moylan et al. (2012), (11) McNeil et al. (2010), (12) Teodorescu et al. (2005), (13) Teodorescu et al. (2011), (14) Méndez
et al. (2009), (15) unpublished data from counter dispersed imaging (Arnaboldi et al. in prep.), (16) unpublished data from narrow band imaging
and spectroscopic follow up (Arnaboldi et al. in prep.), (17) Peng et al. (2004) and Walsh et al. (2015)
(l) References for absorption line data: kinemetry from (18) Foster et al. (2016) on SLUGGS+ATLAS3D data, from (19) Krajnovic´ et al. (2008)
and from (20) Krajnovic´ et al. (2011), major axis long slit spectroscopy from (21) Davies & Illingworth (1983), (22) Bedregal et al. (2006), (23)
Teodorescu et al. (2005), (24) Saglia et al. (2000) and Scott et al. (2014), (25) Norris et al. (2006), (26) Carter et al. (1998), (27) Kormendy &
Illingworth (1982), (28) Davies et al. (1983), (29) Marcelin (1983)), (30) Simien & Prugniel (1997c), (31) Simien & Prugniel (1997a), (32) Statler
& Smecker-Hane (1999), (33) Coccato et al. (2009), (34) De Bruyne et al. (2001), (35) de Lorenzi et al. (2008), (36) Napolitano et al. (2009), (37)
Veale et al. (2017), (38) Simien & Prugniel (1997b), (39) Pu & Han (2011), (40) Weijmans et al. (2009), (41) Forestell & Gebhardt (2010).Article number, page 5 of 52
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Ri is the major axis distance of each PN and R is the mean Ri of
the PNe in each bin.
3.2.1. Point-symmetric rotation model
A velocity map v˜(R, φ) is a periodic function in φ, so it can be ex-
panded in a Fourier series and approximated by a finite number
of harmonics:
v˜(R, φ) = a0(R) +
N∑
n=1
an(R) cos(nφ) +
N∑
n=1
bn(R) sin(nφ) (5)
Elliptical galaxies in dynamical equilibrium are triaxial sys-
tems (e.g. Statler 1994, and references therein), so the projection
on the sky of the mean velocity field should be point-symmetric
with respect to the systemic velocity a0 (see Krajnovic´ et al.
2006; Coccato et al. 2013), i.e. symmetric positions have equal
velocities with opposite sign (v˜(φ) = −v˜(φ+pi)). Deviations from
this behavior arise from perturbations from equilibrium that may
be due to interaction or merger episodes. If one of these pro-
cesses, which plays a role in the formation and evolution of early
type galaxies, occurred relatively recently (a few Gyrs ago), it is
likely that some signatures in the kinematics and orbital structure
of the galaxy are still observable, especially in the halo where the
dynamic time-scales are longer.
The requirement of point-symmetry on v˜(R, φ), namely
v˜(R, φ) − a0 = −[v˜(R, φ + pi) − a0], allows only odd values for
n in equation (5).
The expansion in equation (5) can be rewritten in a more
direct way, as a rotation around the kinematic axis plus higher
order modes. This is achieved through a rotation such that
v˜(R, φ) = a0(R) +
∑
n=1,3,...
cn(R) cos(nφ − nα)+
+
∑
n=1,3,...
sn(R) sin(nφ − nα) (6)
with{
an = cn cos(nα) − sn sin(nα)
bn = cn sin(nα) + sn cos(nα)
(7)
The phase α can be chosen so that the amplitude of the first order
sine term is 0: s1 = 0 if α = arctan(b1/a1). This implies that
c1 =
√
a21 + b
2
1
cn =
bn
sin(nα)
− sn
tan(nα)
sn =
(
bn/an − tan(nα)
1 + tan(nα)bn/an
)
cn (8)
and
v˜(R, φ) = a0(R) + c1(R) cos(φ − α(R))+
+
∑
n=3,5,...
cn(R) cos(nφ − nα(R)) +
∑
n=3,5,...
sn(R) sin(nφ − nα(R))
(9)
In this notation α coincides with the position angle of the kine-
matic major axis, PAkin, a0 is the mean velocity of the PNe in the
bin, and c1 is the amplitude of the projected rotation, Vrot. The
amplitudes of the higher order harmonics, ck and sk, are correc-
tions that account for deviations of the galaxy motion from the
simple cosine rotation.
In practice the series in equation (9) can be truncated to
the third order as the higher order harmonics are generally zero
within the errors. The resulting function is fitted to the mean ve-
locity estimates at all PN positions in each radial bin, with the
position angle PAkin, the constant a0, and the amplitudes Vrot,
s3, and c3, as free parameters. The fit of the parameter a0 gives
an estimate of the systemic velocity Vsys in the halo (see section
4). Once Vsys is subtracted from the velocity fields, their point-
symmetry can be studied (section 5) and used to produce the final
mean velocity fields for the point symmetric galaxies (see sec-
tion 6.1). The final mean velocity fields, after subtracting Vsys,
are eventually fitted with the function
V˜(R, φ) = Vrot(R) cos(φ − PAkin(R)) + s3(R) sin(3φ − 3PAkin(R))
+ c3(R) cos(3φ − 3PAkin(R))
(10)
where the only free parameters are PAkin, Vrot, s3, and c3 (see
section 6.2).
The kinematic quantities PAkin and Vrot obtained fitting the
model in equation (10) on the smoothed velocity fields are com-
parable to the results from a kinemetry fit to IFS data (Krajnovic´
et al. 2006, 2011; Foster et al. 2016). However, we do not apply
kinemetry, because this would mean fitting ellipses to the PN
smoothed velocity fields. Since these have been derived from
small samples of discrete tracers which, by nature, have lower
spatial resolution and signal-to-noise ratio, a more straightfor-
ward approach, with fewer free parameters, is preferable.
3.2.2. Errors on the fitted parameters
The errors on the fitted parameters, a0(R), PAkin(R), Vrot(R),
c3(R), and s3(R), are evaluated via Monte Carlo simulations: the
100 simulated datasets produced for deriving the errors on v˜ and
σ˜ (see section 3.1) are divided into radial bins and modeled with
equation (9). The errors are the standard deviations on the fitted
parameters.
We tested whether the mean velocity field extracted through
the smoothing procedure is sensitive to the relatively large ve-
locities of objects belonging to the tails of the LOSVD. For this
we selected subsamples of the observed dataset, re-extracted the
kinematics, and studied the distribution of the fitted kinematic
parameters. For each galaxy we used 1000 subsamples built with
80% of the observed PNe each. (We do not use bootstrap with
replacement as it would not be consistent with the constraint for
the PNe to follow light.) Figure 1 shows the distributions of the
fitted Vrot and PAkin in one radial bin for the PN subsamples ex-
tracted for NGC 0821 and NGC 3379. For all the ePN.S galaxies
these distributions fall well within the statistical uncertainties of
the fitted parameters from the full datasets. This shows that the
values of Vrot and PAkin measured are not driven by a few high
velocity objects, but are properties of the whole PN sample.
In addition, we simulated the effect of the contamination by
background Lyα emitters by adding two random velocity mea-
surements (see section 2), uniformly drawn in velocity from the
filter band-pass used for each individual galaxy in our sample.
We then re-extracted all the kinematic observables, and found
that they are well within the 1 sigma errors of the measurements
without contaminants.
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Fig. 1. Distribution of the fitted Vrot and PAkin in one radial bin ob-
tained from 1000 PN subsamples extracted for NGC 0821 and NGC
3379 (gray histograms). The red curves are Gaussians centered on the
Vrot and PAkin fitted on the full dataset, and with dispersion given by the
Monte Carlo simulations of the galaxy under study. The vertical solid
lines show the position angle of the photometric major axis for the two
galaxies; the dotted lines show the photometric minor axis. The values
for PAphot are listed in table 1.
4. Systemic velocity subtraction
A measure of the systemic velocity of the galaxies is provided
by the fit of the PN smoothed velocity field in radial bins with
the harmonic expansion in equation (9). The bins are built as
described in section 3.2 and the adopted geometry for each
galaxy (i.e. ellipticity, , and photometric position angle, PAphot)
is listed in table 1. The a0(R) parameter, in fact, represents the
mean velocity of the tracers in the radial bin with radius R. When
the galaxy does not display kinematic substructures (bulk mo-
tions), this mean velocity is an estimate of the systemic velocity
of the galaxy which is constant with radius for a gravitationally
bound system.
Since the PNe are not distributed uniformly on the sky, a0(R)
gives actually a more precise evaluation of the systemic velocity
than a straight average of the measured LOS velocities. The fit of
equation (9) removes any contribution to the mean from rotation
and is not sensitive to azimuthal completeness. Hence we can
perform the fit leaving the parameter a0(R) free to vary in each
bin. We find that a0(R) is generally constant with radius within
the errors. Therefore we adopt, for each galaxy, a mean systemic
velocity, Vsys, defined as a mean of the a0(R) values, weighted
with the errors on the fit:
Vsys =
∑
bins a0(Rbin)/∆a20(Rbin)∑
bins 1/∆a20(Rbin)
(11)
We conservatively consider as error on Vsys, ∆Vsys, the mean of
the errors ∆a0(R), since the single measures of a0(R), coming
from a smoothed velocity field, are not independent quantities.
We find that a0(R) does sometimes display a trend with ra-
dius within the errors. This is due to the interplay between spa-
tial inhomogeneities and smoothing, which may result in a slight
asymmetry of one side of the galaxy with respect to the other.
This effect naturally disappears as soon as the catalogs are folded
by point-symmetry transformation (see section 5), but we keep
track of it in the uncertainties, by adding in quadrature the scatter
of the a0(R) values to the error ∆Vsys.
NGC 1316 and NGC 5128 are treated separately with respect
to the other galaxies. Their fitted a0(R) are constant in most ra-
dial bins, but they deviate in localized bins from this constant
by more than twice the errors. At these radii the galaxies display
important features in their velocity fields which cause an offset
of the average velocity from the systemic value. We masked the
most irregulars bins and use the fitted a0(R) on the others to com-
pute the mean Vsys.
The measured values of Vsys for all the galaxies are reported
in table 2. We do not observe any systematic bias in the measured
values, and they all agree within twice the error on Vsys with the
literature. Hereafter we will refer to the barycentric velocities
using V, and to the smoothed barycentric velocities using V˜.
5. Point symmetry analysis of the sample
In this section we investigate whether the galaxies in the ePN.S
sample show any deviation from point-symmetry.
We studied the point-symmetry of the velocity fields of the
galaxies by comparing the velocities V˜(R, φ) with 0 ≤ φ < pi
with those with pi ≤ φ < 2pi, changed in sign, in each radial
bin. Asymmetries in the velocity fields are visible where these
quantities significantly differ from each other. Figure 2 shows a
few examples of this analysis. NGC 4649 is point-symmetric,
while the others show significant deviations. In the sample of
33 galaxies, 5 are found to be non-point-symmetric: NGC 1316,
NGC 2768, NGC 4472, NGC 4594 and NGC 5128. The galaxies
for which we find evidence for asymmetries are those with the
richest PN catalogs. For these objects the kinematic details are
best recovered.
The others galaxies are consistent with point-symmetry, so
for these systems we used the folded catalogs to reconstruct the
final velocity and velocity dispersion fields, as described in sec-
tion 6.1. Since the mean velocity fields are the result of a smooth-
ing procedure, their point symmetry does not rule out kinematic
asymmetries on smaller scales.
5.1. Testing the significance of the deviations from
point-symmetry
As first step, the PN smoothed velocities V˜i are modeled with
the harmonic expansion in equation (9), which also provides a
good description of the galaxy velocity field where the spatial
distribution of the tracers is not azimuthally complete. We con-
sider as possible deviations from point-symmetry any groups of
at least three tracers whose velocity V˜i deviates more than twice
the errors from the fitted point symmetric model.
We evaluate the significance of the observed deviations from
point symmetry by using 100 models of the galaxies, constructed
as described in appendix A.3. These are built using the positions
(xi, yi) of the PNe from the real dataset, and, by construction,
have a point symmetric mean velocity field. If similar local de-
viations from point symmetry that we observe in the velocity
field of the galaxy appear also in the smoothed velocity fields of
the models, then we know that they are artifacts of the smooth-
ing over that particular spatial distribution, and not properties of
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Fig. 2. Galaxies with deviations from point symmetry. Mean velocity V˜(R, φ) as a function of the PN eccentric anomaly φ, folded around φ = pi,
for each radial bin of NGC 1316, NGC 2768, NGC 4472, NGC 4594, NGC 4649, and NGC 5128. The black solid line is the fitted point-symmetric
rotation model. The red points are the PN positions with 0 ≤ φi < pi; the blue points are those located at pi ≤ φi < 2pi, with their velocity changed
in sign and coordinate φ shifted by pi, i.e. V(φ) are compared with −V(φ + pi). The overlap of PNe of opposite sides shows possible asymmetries
in the velocity fields. NGC 2768 and NGC 4594 show localized small scale deviations from point symmetry, that do not influence the kinematic
analysis. NGC 1316, NGC 4472, and NGC 5128 have non-point-symmetric velocity fields. By comparison NGC 4649 is point-symmetric.
the intrinsic galaxy velocity field. Hence, for each feature in the
galaxy, we select in the models the groups of PNe having the
same coordinates as the feature, and compute the distribution of
deviations of their velocities from the harmonic expansion fit-
ted to each model. This distribution will give the probability of
occurrence of the feature due to statistical fluctuations.
We found that the features in NGC 2768 and NGC 4594 have
a probability < 1% to happen in the symmetric models so they
are likely real. Those in NGC 2768 might be related to asymme-
tries in light distribution clearly visible in deep optical images
(e.g. the g and r maps of Duc et al. 2015)2. The features in NGC
4594 are more likely due to extinction effects from its dusty disk,
which hampers the detection of a complete sample of PNe in that
area. In both cases the deviations of the velocity fields from point
symmetry are localized and do not influence the kinematic anal-
ysis.
For NGC 1316, NGC 4472, and NGC 5128 the velocity off-
sets and the phase-angle shifts of the V˜(R, φ) in (0 ≤ φ < pi, red in
2 http://www-astro.physics.ox.ac.uk/atlas3d/
figure 2) with respect to (pi ≤ φ < 2pi, blue in figure 2) cannot be
reproduced by the point symmetric models. These galaxies are
well known recent mergers. Their halos are dominated by the
recently accreted component which is not yet in a phase-mixed
equilibrium with the surroundings and hence it still maintains
peculiar kinematics (see also appendix C).
One may be tempted to identify the groups of PNe whose ve-
locity significantly deviate from the model as those associated to
the structure, but we need to keep in mind that their velocities are
the result of an averaging procedure, and that the different kine-
matic components can only be separated by analyzing the full
phase space (see e.g. the GMM modeling of Longobardi et al.
2015); such a study is beyond the scope of this paper.
6. The halo kinematics of ETGs
6.1. Velocity fields
A point symmetric system is, by definition, such that each point
of the phase space (x, y,V) has a point-reflected counterpart
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(−x,−y,−V). For the galaxies that do not show any significant
deviation from point symmetry (section 5), we assume that point
symmetry holds. In these cases we can double the number of
data-points by adding to the observed dataset its mirror dataset,
and creating in this way a folded catalog (e.g Arnaboldi et al.
1998; Napolitano et al. 2001; Peng et al. 2004; Coccato et al.
2009). This helps in reducing the fluctuations in the recovered
velocity fields. The results obtained using the folded catalogs
are consistent with those from the unfolded datasets within the
errors. Therefore for the galaxies consistent with point symmetry
we will use the folded catalogs to produce the final mean veloc-
ity fields; for the others (i.e. NGC 1316, NGC 2768, NGC 4472,
NGC 4594 and NGC 5128) the original catalogs are used.
Figure 3 shows the result for two galaxies with a similar
number of tracers, NGC 4494 and NGC 4552. Both are point
symmetric, so the velocity fields in figure 3 are built using the
folded catalogs. NGC 4494 is a FR showing some rotation also
in the halo. Its velocity dispersion field reveals that σ decreases
with radius. The SR NGC 4552, by contrast, displays increasing
rotation velocity about two perpendicular axes, and increasing
velocity dispersion with radius.
The smoothed velocity fields for all the galaxies of the ePN.S
sample are shown in appendix D. For a more immediate visual-
ization we present interpolations of the velocity fields, based on
computing V˜ and σ˜ on a regular grid. The kinematics typically
extends a median of 5.6 Re, covering a minimum of 3Re to a
maximum of 13 Re. The adopted Re values are listed in table
1. Table 1 also shows the mean radius of the last radial bins, in
which we can statistically determine V˜ and σ˜.
Fig. 3. Top row: smoothed velocity fields of NGC 4494 and NGC 4552;
bottom row: velocity dispersion fields. The fields are built using the
folded catalogs, but only the positions of the actual PN data points are
shown. The images in the background are from the Digitized Sky Sur-
vey (DSS); north is up, east is left.
The typical errors on the mean velocities and on the velocity
dispersions, evaluated with Monte Carlo simulations, range from
10 to 40 km s−1, being smaller for galaxies with a larger number
of tracers and higher V˜/σ˜.
These errors on the mean velocity fields, the mean errors on
the radial velocity measurement, the kernel parameters A and
B used in the smoothing procedure, and the systemic velocities
subtracted are reported in table 2.
A visual comparison with the kinematic maps published by
the ATLAS3D (Krajnovic´ et al. 2011) and SLUGGS (Arnold
et al. 2014; Foster et al. 2016) surveys shows a general good
agreement for all the galaxies in the regions of overlap. By con-
sistency/good agreement we mean that the values and trends in
Vrot, σ from either kinemetry (by Krajnovic´ et al. 2008; Foster
et al. 2016) or slit absorption line kinematics agree within the
errors with the kinematics from the PNe in the regions of over-
lap, or the latter extend such radial trends to the outer regions.
See the appendix C for a detailed description of the individual
objects.
6.2. Kinematic parameters
We quantify the properties of the reconstructed mean velocity
fields by evaluating the amplitude of rotation Vrot, the variation
of the PAkin with radius, and the possible misalignments with
PAphot. Therefore we model the velocities in each elliptical bin
as a function of the angle φ (positive angles are from North to
East, with the zero at North) with the rotation model in equation
(10), as described in section 3.2.
Figure 4 shows the smoothed velocity field V˜(R, φ) in each
elliptical radial bin for a subsample of galaxies: a SR, NGC
4552, and four FRs, NGC 4473, NGC 4494, NGC 5866 and
NGC 7457. The solid lines are the rotation models that give the
best fit to the data, and from which we derive the kinematic pa-
rameters. The errors on the fitted parameters are derived from
Monte Carlo simulations as described in section 3.2.2, and de-
pend on the number of tracers and the ratio V˜/σ˜. In the case of
the galaxies show in figure 4, they are largest for NGC 4473,
which has very low rotation in the halo, and smallest for the
lenticular galaxy NGC 7457, which is dominated by rotation up
to large radii.
We divided the sample of ETGs into FRs and SRs according
to the definition of Emsellem et al. (2011), see table 1. In figure
5 we show separately for both families the fitted parameters Vrot,
s3 and c3, as functions of the major axis distance R in units of
Re. This is a reasonable choice in case of flattened systems ro-
tating along the photometric major axis. In case of misalignment
or twist of the PAkin, R does not correspond to the position of
the peak in V˜ but to the major axis of the elliptical bin in which
the amplitude V˜ is calculated. Figure 6 shows the misalignment
Ψ of PAkin with respect to PAphot, Ψ = PAkin(R) − PAphot. If the
difference PAkin(bin1) − PAphot (where PAkin(bin1) is the value
measured in the first radial bin), is greater than 90 degrees, we
define Ψ as PAkin(R)−PAphot−pi. Since PAphot is a constant value
for each galaxy, a variation of PAkin with radius corresponds to a
variation of Ψ. We do not use the definition of Franx et al. (1991),
sin Ψ = sin(PAkin(R) − PAphot), as it does not allow the descrip-
tion of large position angle twists. The values and the references
for the PAphot used are in table 1.
Both Vrot and Ψ are compared with literature values in figures
5 and 6. When available, we show the profiles from the kinemet-
ric analysis of Foster et al. (2016) on the SLUGGS+ATLAS3D
data, or the kinemetric profiles from Krajnovic´ et al. (2008). In
these cases we rescale the radii of the profiles to major axis dis-
tances using the flattening qkin = qphot given by Foster et al.
(2016), or 〈qkin〉 given by Krajnovic´ et al. (2008). For the other
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Fig. 4. Point symmetric galaxies. Mean velocity field V˜(R, φ) in elliptical annuli as a function of the PN eccentric anomaly φ, folded around φ = pi
for the FRs NGC 4473, NGC 4494, NGC 5866 and NGC 7457, and the SR NGC 4552 (colors as in figure 2). V˜(R, φ) is reconstructed using the
folded catalogs, and shown at the position (Ri, φi) of the actually observed PNe. The solid lines are the best rotation model (see equation 10) fit to
the velocity field.
galaxies we plot the corresponding quantities from the kineme-
try of Krajnovic´ et al. (2011, namely kmax1 and PAkin from their
table D1), or the kinematic profiles from long slit spectroscopy
similarly rescaled (references in table 1). While comparing with
the literature, it is important to note the following effect. A kine-
matic measurement from a slit along the major axis of an edge-
on fast rotating galaxy will give high velocities and low disper-
sions. On the other hand, the PN velocity fields are the results
of a smoothing procedure, which averages together PNe belong-
ing to the very flat disk with PN belonging to the spheroid. This
might result in a systematically lower rotation and higher ve-
locity dispersion (see equation 2) in the PN velocity fields. A
disk/spheroid decomposition of the PNe in some ETGs has al-
ready been performed by Cortesi et al. (2013b), and it is beyond
the scope of this paper to extend this to all FRs. In addition, if
the number of tracers or the ratio V/σ is low, our kinematic anal-
ysis provides a lower limit for the rotation velocity and an upper
limit for the velocity dispersion. This issue is addressed in ap-
pendix A. In such cases, the kinematics traced by the PNe may
show systematic differences from that in the integrated light as
consequence of the discrete spatial sampling of the velocity field
by the adopted tracers.
The higher order harmonics amplitudes s3 and c3 differ from
zero whenever the smoothed velocity field deviates from simple
disk-like rotation, i.e. if it is cylindrical (see for example the case
of NGC 3115), or in correspondence to components rotating at
different position angles (e.g. NGC 4649).
Misalignments and twists of the PAkin are typically displayed
by triaxial galaxies, see section 6.4. Figure 6 shows that both
FRs and SRs can have radial variations of the PAkin or a constant
non-negligible Ψ. These galaxies may have a triaxial halo. A few
galaxies instead have kinematically decoupled halos with respect
to the regions . 2Re. Section 6.4 validates these results for each
galaxy using models.
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The asymmetric galaxies (i.e. NGC 1316, NGC 2768, NGC
4472, NGC 4594, and NGC 5128) are, by construction, not well
represented by the point symmetric model and increasing the
number of harmonics does not improve the quality of the fit. We
can however still use the fitted parameters to obtain an approxi-
mate description of the shape of their velocity field.
6.3. Velocity dispersion profiles
Figure 7 shows the velocity dispersion profiles, azimuthally av-
eraged in radial bins. These have been calculated using two dif-
ferent methods. In the first we used the interpolated velocity dis-
persion field σ˜(x, y) in elliptical annuli of growing radius, with
position angle and ellipticity as in table 1. The values shown
in the plots (solid lines) are averages over each elliptical annu-
lus, and the errors (dotted lines) are taken conservatively as the
means of the Monte Carlo simulated errors in the elliptical annu-
lus (section 3.2.2). The second method is binning the measured
radial velocities vi of the PNe in the radial bins built as described
in section 3.2. The PN catalogs are folded by point symmetry
and the dispersion σbin with respect to the weighted mean ve-
locity is computed in each bin. The weights are computed from
the measurement errors. The errors on the dispersion are given
by the expression: ∆σbin = σbin/
√
2(Nbin − 1), where Nbin is the
number of PNe in each bin. The values and the trends given by
the two methods are generally in good agreement.
The profiles obtained are compared with dispersion pro-
files from integrated light (red stars). For the galaxies in
common with the SLUGGS survey, we show the profiles
from the kinemetric analysis of Foster et al. (2016) on the
SLUGGS+ATLAS3D data in elliptical radial bins. For NGC
3384, NGC 3489, NGC 4339, NGC 4552, and NGC 4636, we
extracted the azimuthally averaged profiles from the ATLAS3D
data (Cappellari et al. 2011; Emsellem et al. 2011) in elliptical
bins (geometry in table 1). For the other galaxies we show the
velocity dispersion along the PAphot from long slit spectroscopy
(references in table 1).
Our dispersion profiles generally compare well with the lit-
erature in the regions of overlap (typically R . 2Re). The results
are described in section 7, separately for FRs and SRs.
We tested whether it is possible that the large scale trends
in the velocity dispersion profiles are the result of statistical and
smoothing effects, by using 100 models of the galaxies, built as
described in appendix A.3, created with a constant dispersion
profile with radius. The velocity dispersion profiles are recov-
ered with the same procedure as for the measured PN sample.
We find that although artificial local structures may sometimes
appear in the velocity dispersion maps, they are not such as to
influence the trends with radius of the large scale velocity dis-
persion fields, and typically the error bars from Monte Carlo
simulations give a good estimate of the uncertainties.
6.4. Triaxiality
Significant twists of the PAkin, as well as its departures from
PAphot imply an intrinsic triaxial shape for the system. In an ax-
isymmetric object both the projected photometric minor axis and
the intrinsic angular momentum are aligned with the symmetry
axis of the system, while in a triaxial galaxy the rotation axis
can be in any direction in the plane containing both the short and
long axis. This is because in a triaxial potential the main families
of stable circulating orbits are tube orbits which loop around the
minor (z-tube orbits) or the major axis (x-tube orbits) (see e.g.
de Zeeuw 1985; Statler 1987; Schwarzschild 1993). The relative
number of z- and x-tube orbits determines the direction of the
intrinsic angular momentum. Thus, depending on the variation
of this ratio with radius we can have that
– the measured PAkin shows a smooth radial twist (e.g. NGC
4552 in figure 6, see section 6.4.1);
– PAkin has a sudden change in direction (i.e. the galaxy has
a kinematically decoupled halo, like NGC 1399, see section
6.4.2);
– PAkin has a constant misalignment with respect to the PAphot
(e.g. NGC 3923, see section 6.4.3).
Therefore we consider as triaxial galaxies the objects dis-
playing at least one of these features in their velocity fields with
statistical significance. We do not consider in this analysis galax-
ies that show significant variation of the kinematic position angle
in the last radial bin only, as the geometrical shape of the survey
area might prevent an azimuthally complete detection of PNe in
the outermost bin. The statistical significance is determined by
our MC modeling as described in appendix A.3, which gives us
the probability that a measured property of the smoothed veloc-
ity field is obtained in sequences of galaxy-specific simulated PN
data sets without this feature. Table 3 provides a summary of the
results, which are discussed in the following sections.
6.4.1. Galaxies with radial variation in the kinematic position
angle
Figure 6 shows that the fitted PAkin may show a smooth variation
with radius. This happens in NGC 3377, NGC 3379, NGC 4494,
NGC 4697, NGC 4649, NGC 5128, and NGC 5866, among the
FRs, and in NGC 3608, NGC 4472, and NGC 4552 among the
SRs.
We tested whether the variation with radius of the PAkin for a
galaxy is an artifact of the combination of a small number of trac-
ers and the smoothing procedure. We looked at the fitted PAkin in
100 models of each galaxy, built as described in appendix A.3,
which have by construction the PAkin of the mean velocity field
aligned with PAphot. For each radial bin we computed the prob-
ability of obtaining the observed misalignment Ψ from the dis-
tribution of the misalignments in the models. We found that the
probability of observing a twist of 48 ± 24 degrees in models of
NGC 3377 is ∼ 4%; it is ∼ 3% for the twist of 71±25 degrees in
NGC 3379, ∼ 2% for the twist of 20± 12 degrees in NGC 3608,
and ∼ 4% for the twist 32 ± 19 degrees in NGC 4494. For the
other galaxies, none of the 100 models produces the observed
trends of PAkin.
For NGC 4472 the determination of PAkin is influenced by
the kinematics of the in-falling satellite UGC 7636. An inspec-
tion of its smoothed velocity field suggests that the main body
of the galaxy has approximately major axis rotation, once the
PNe of the satellite are excluded. Nevertheless we include this
galaxy in the sample of potentially triaxial galaxies, and we re-
fer to Hartke et al. (2018) for a more detailed study.
NGC 5128 shows non point-symmetric kinematics, and rota-
tion along both the photometric major and minor axes. The high
number of tracers available for this galaxy (1222 PNe) makes
this kinematic signature unambiguous.
NGC 1316 shows a small but significant jump of the PAkin
at ∼ 200− 250 arcsec, that is related to the perturbed kinematics
of this galaxy.
NGC 4697 has a constant PAkin profile consistent with the
PAphot, with a sudden localized variation at ∼ 3Re. The study
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Fig. 5. Fitted rotation velocities Vrot(R) (full circles) and third order harmonics amplitudes, c3(R) in green and s3(R) in orange, as functions of the
major axis distance for SRs and FRs. The comparison values for Vrot from absorption line data from the literature are shown with colored stars.
Whenever available we show kinemetric profiles (light blue stars); for the other galaxies we show velocities from long slit spectroscopy along
the photometric major axis (red stars) or minor axis (green stars). The references are in table 1. For NGC 4594 we show in addition the stellar
kinematics from a slit along PAphot, offset by 30 arcsec (purple stars). The dashed vertical lines for the FRs show the disk half light radius R1/2, see
section 7.2.1. The red dot-dashed vertical lines report the radial transition range RT ± ∆RT , see section 8.6.
Article number, page 12 of 52
C. Pulsoni et al.: The extended PN.S ETG survey - velocity fields at large radii
Fig. 6. Misalignments Ψ(R) (full circles) as function of the major axis distance for FRs and SRs. The horizontal solid line shows the Ψ = 0 axis.
The light blue stars are the Ψ values calculated on PAkin from the kinemetry of Foster et al. (2016), Krajnovic´ et al. (2008), and Krajnovic´ et al.
(2011); for the other galaxies the PAkin is not previously available in the literature. The red dot-dashed vertical lines report the radial transition
range RT ± ∆RT , see section 8.6. Signatures of triaxial halos are seen in NGC 0821, NGC 1344, NGC 1399, NGC 3377, NGC 3379, NGC 3608,
NGC 3923, NGC 4365, NGC 4374, NGC 4472, NGC 4473, NGC 4494, NGC 4552, NGC 4636, NGC 4649, NGC 4742, NGC 5128, NGC 5846,
and NGC 5866.
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Fig. 7. Azimuthally averaged velocity dispersion profiles as functions of the major axis distance in units of Re for SRs and FRs (full circles). The
gray solid lines represent the profiles from the interpolated velocity fields with their errors (dashed lines, see text). The stars show dispersion from
integrated light: when available we plot the kinemetric analysis of Foster et al. (2016) on the SLUGGS+ATLAS3D data in elliptical bins (light blue
stars); for NGC 3384, NGC 3489, NGC 4339, NGC 4472, NGC 4552, and NGC 4636, we show azimuthally averaged profiles from ATLAS3D data
(Cappellari et al. 2011; Emsellem et al. 2011); for the other galaxies we show data from long slit spectroscopy along PAphot (red stars, references
in table 1). For NGC 4594 we also plot the stellar velocity dispersion profile in a slit parallel to the major axis but 30 arcsec offset from the center
(purple stars).
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of Sambhus et al. (2006) on the same PN dataset showed evi-
dence for a secondary PN population in this galaxy that is not
in dynamical equilibrium with the main population, and which
has not been excluded in this analysis. The presence of this pop-
ulation does not determine any significant deviation from point
symmetry of its smoothed velocity field. However we refrain to
include this galaxy in the sample of galaxies with triaxial halo.
Therefore, excluding NGC 1316 and NGC 4697 that have
local and irregular variations of PAkin, there are 9 galaxies in the
sample showing significant kinematic twist, of which 6 are FRs
and 3 SRs.
6.4.2. Galaxies with kinematically decoupled halos
Galaxies with kinematically decoupled halos are galaxies whose
outskirts rotate about a different direction than their inner re-
gions, hence PAkin shows a step function with radius. NGC 1399
and NGC 4365 both show this feature beyond 2Re.
NGC 1399 is found to be slowly rotating around its PAphot
(i.e. Ψ ∼ 90 degrees) at ∼ 30 km s−1inside 1Re, in very good
agreement with the integral field spectroscopic data of Scott et al.
(2014).
The halo PAkin, by contrast, is almost aligned with the PAphot
(i.e. Ψ = 0) degrees. We studied whether such a misalignment is
an artifact of our procedure, using models that mimic the inner
kinematics, i.e. with PAkin aligned with the photometric minor
axis . The probability of measuring a misalignment of the halo
similar to the observed one is 2%.
The PAkin of NGC 4365 is ill-constrained in the innermost
regions where the kinematics is compatible with no rotation. At
the center we do not recover the rolling about the minor axis
visible in velocity fields from absorption line data (Emsellem
et al. 2011; Arnold et al. 2014), because of smoothing over the
inner velocity gradients. In these regions the bright background
of the galaxy hampers the detection of PNe, and the resulting low
number of tracers combined with the low V/σ leads to heavily
smoothed velocities. We do detect a significant outer (R & 3Re)
rotation of ∼ 50 km s−1along PAphot (Ψ ∼ 0 degrees), misaligned
with respect to the inner kinematics reported in the literature. So
we built mock models as described in appendix A.3 but with
PAkin given by IFS data up to 1 Re(references are given in table
1). We found that none of the models displays the observed step
function in the PAkin values.
We therefore conclude that the signature of a kinematically
decoupled halo has a high probability to be real in both galaxies.
6.4.3. Galaxies with constant offset between photometric
and kinematic major axis
The galaxies showing an approximately constant misalignment
of the PAkin with respect to the PAphot are NGC 0821, NGC
1344, NGC 3115, NGC 4473, and NGC 4742 among the FRs,
and NGC 3923, NGC 4374, NGC 4636, and NGC 5846 among
the SRs (see figure 6).
In these cases we can define the PAkin using all the PNe,
without radial binning. The derived quantities can be compared
to the PAkin measured in mock models built as described in ap-
pendix A.3.
For most of the listed galaxies none of the models repro-
duces the observed misalignments. NGC 0821 has a misalign-
ment of 50 degrees with ∼ 4% probability in the Monte Carlo
models, while the misalignment of 22 degrees of NGC 4742 has
1% probability. Because of the small number of tracers and the
low V/σ ratio this probability is higher for NGC 5846 (9%).
To these objects we add NGC 4473 whose PAkin is not well
determined from the PN kinematics because of the very low V/σ
ratio in its halo, but Foster et al. (2013) already detected a sig-
nificant rotation along the minor axis using absorption line data,
showing this object to be triaxial.
The PN velocity field of NGC 3115 shows a constant mis-
alignment of ∼ 10 degrees with respect to PAphot. This misalign-
ment is probably related to perturbations at the interface between
the disk and the spheroid, visible as deviations from axisymme-
try in the photometry of the disk component (Capaccioli et al.
1987, see also discussion in appendix C). NGC 3115 is a com-
plicated case, and is not included in the sample of galaxies with
triaxial halo.
Therefore in the ePN.S sample a total of 8 galaxies, 4 FRs
and 4 SRs, show a significant constant misalignment of PAkin
with PAphot.
6.4.4. Summary
We conclude that a total of 19 galaxies (∼ 60%) of the ePN.S
sample show smoothed velocity fields that reveal their non-
axisymmetric nature. 9 objects (6 FRs and 3 SRs) have signifi-
cant kinematic twists, and 8 (4 FRs and 4 SRs) show a significant
constant misalignment of PAkin with PAphot. In addition two SRs
have a kinematically decoupled halo.
The observed features are more than 2 sigma significant for
most of the cases (1.7 sigma for NGC 5846), and they are not ef-
fects of the folding operation on the catalogs nor of the smooth-
ing procedure.
All in all, we found that all the SRs and 10 out of 24 FRs
show indications of intrinsic triaxial morphology in the PN kine-
matics. We will discuss the signature of triaxiality in the photom-
etry in section 8.4.
7. Results per family
7.1. Slow rotators
In the sample of 33 galaxies 9 are SRs. Figure 5 shows that they
typically display some more pronounced rotation at large radii
when compared to rotation in their central regions as measured
from absorption line spectroscopy. The PN velocity fields show
gently increasing profiles for the Vrot amplitude which, eventu-
ally, flatten around ∼ 50 km s−1. Twists or misalignments of the
PAkin are commonly observed, so that all the SRs show signa-
tures of a triaxial halo (see figure 6). In particular, we found
that the halos of NGC 1399 and NGC 4365 are kinematically
decoupled with respect to the innermost regions as mapped by
Scott et al. (2014) and Arnold et al. (2014). NGC 4472 has a non
point-symmetric velocity field, as a result of a recent accretion
event. The complicated kinematics of the SRs is also reflected in
the amplitudes of the third order harmonics, which describe the
presence of additional kinematic components, and twists of the
PAkin.
The velocity dispersion profiles, shown in figure 7, are gener-
ally flat in the halo. Some galaxies (e.g. NGC 1399, NGC 3608)
reach such a constant value around ∼ 1 − 2Re. Others (e.g. NGC
4374, NGC 4552) flatten only beyond ∼ 4 − 5Re, after a small
increase. NGC 4636 is the only SR showing a falling profile.
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7.2. Fast rotators
In the ePN.S sample 24 galaxies are classified as FRs (table 3).
Figures 5 and 6 show that the majority of the objects have regular
rotation along the photometric major axis. The comparison be-
tween inner and outer parts reveals that the rotation amplitudes
Vrot show declining trends with more or less steep gradients for
14 out of 24 FRs: some galaxies show very small or no rotation in
the outskirts (e.g. NGC 4278 and NGC 4473), while others reach
a minimum, after which their rotation increases (e.g. NGC 4494
or NGC 4697). Among the remaining galaxies, 3 have fairly
constant profiles (NGC 2768, NGC 4564, and NGC 5866), and
3 show increasing rotation (NGC 3384, NGC 4742, and NGC
7457). For NGC 0584, NGC 2974, NGC 3489 and NGC 4339,
the limited number of tracers leads to heavy smoothing, allowing
only an estimate of a lower limit for the rotation in the halo.
The PAkin is well aligned with the photometric major axis in
the majority of cases, but 10 out of 24 galaxies display a kine-
matic twist (NGC 3377, NGC 3379, NGC 4494, NGC 4649,
NGC 5128, and NGC 5866) or a constant misalignment with
PAphot (i.e. NGC 0821, NGC 1344, NGC 4473, and NGC 4742).
The smoothed velocity fields of four galaxies (NGC 3379, NGC
4649, NGC 5128, and NGC 4494, see figures in appendix D)
show indications of additional components rotating along the mi-
nor axis of the system, while NGC 1344 has prolate rotation. All
these features are generally interpreted as evidences of triaxial-
ity of the systems (see section 6.4) and 40% of the fast rotating
galaxies of the sample display them in the halo.
The azimuthally averaged velocity dispersion profiles (figure
7) are found to be either constant (e.g. NGC 3377), or decreas-
ing with radius. Some profiles decline gently (e.g. NGC 1344),
while others decrease steeply in the halo (e.g. NGC 3379). This
diversity between flat and falling profiles is also reflected in the
variety of the Vrms profiles, as already observed by Coccato et al.
(2009), and is the result of differences in the mass distributions
(Gerhard et al. 2001; Romanowsky et al. 2003; Deason et al.
2012; Morganti et al. 2013; Cappellari et al. 2015; Alabi et al.
2016; Veale et al. 2018) or the presence of radial anisotropy in
the orbits (Gerhard et al. 1998; de Lorenzi et al. 2009; Napoli-
tano et al. 2009), which may contribute to a lower projected ve-
locity dispersion. For some lenticular galaxies (e.g. NGC 1023
or NGC 3115), the two-dimensional velocity dispersion maps
(see figures in appendix D) reveal the presence of the colder disk
along its major axis, while the dispersion is higher along the mi-
nor axes. For NGC 1023 the presence of the disk is evident also
in the azimuthally averaged velocity dispersion profile, which
increases with radius as the contribution of the disk to the light
decreases.
Among the fast rotating galaxies there are two mergers, NGC
1316 and NGC 5128, whose velocity fields are highly disturbed
by the recent accretion events and are not very well described
by point-symmetric rotation models (see appendix C for more
details).
The comparison of the PN kinematics with integrated light
data shows a general good agreement in the overlapping regions,
confirming once again that the PNe are reliable tracers of the
kinematics of the parent stellar population. The tension with the
stellar kinematics in cases of high rotation and low dispersion
(see e.g. NGC 1023, NGC 2768, NGC 4594) is primarily re-
lated to the presence of a known near edge-on very flat disk that
dominates the major axis stellar kinematics but not that of the
PNe. Because our velocity fields are the results of an averaging
operation that does not distinguish the PNe from the disk from
those belonging to the spheroid, the velocity gradients are under-
estimated. Likewise the discrepancy between the integrated light
data of NGC 4494 and its PNe could be explained by a face on
disk fading into the spheroid at radii beyond the coverage of the
stellar kinematics, combined with the lower spatial resolution of
the PN smoothed velocity field.
In addition, if the disk is obscured by dust, the fraction of
observed disk PNe is reduced, causing a drop in the measured
rotation and a higher dispersion. An example is the case of NGC
4594. This galaxy has a dusty disk which affects the detections
of PNe in that region, leading to heavily absorbed light in this
component and hence inhibit the PNe detections in that region
where the rotation is highest. The rotational velocity and the dis-
persion profiles from PNe agree well with slit data along a direc-
tion slightly offset (30 arcsec) from the disk plane (purple stars
in figures 5, 7 and 8), but are offset with respect to the major
axis profiles. With this in mind, we shall consider the smoothed
velocity fields as giving a global description of the halo kine-
matics, but not of their small-scale spatial structures, unless the
number of tracers is very large (as, for example, in the case of
NGC 1316).
7.2.1. Embedded disks in fast rotators
The observed negative gradients of Vrot(R) observed for many
FRs at large radii has been interpreted as signatures of a rotating
disk component embedded in a dispersion dominated spheroid
(Coccato et al. 2009; Arnold et al. 2014). Using a photomet-
ric disk-spheroid decomposition and maximum-likelihood fit,
Cortesi et al. (2013b) reconstructed the kinematics of the disk
and the spheroid separately in 6 of the ePN.S lenticular galaxies
(NGC 1023, NGC 2768, NGC 3115, NGC 3384, NGC 3489 and
NGC 7457). Arnold et al. (2014) reproduced the rotation profile
of the E5-6 galaxy NGC 3377 also performing a disk-bulge de-
composition. These works showed that the variation in rotation
reflects the transition between disk and bulge dominance in light,
and their different spatial contribution in each galaxy explains
the variety in the observed λR profiles (the detailed study of the
λR profiles for the ePN.S sample is the subject of a separate pa-
per, Coccato et al. in prep.). In the following we use the term
"disk component" for a highly flattened, but definitely three-
dimensional, oblate rotating structure (see also section 8.4).
Here we can verify the interpretation for the negative gradi-
ents of Vrot(R) by estimating and comparing the "size" of the disk
components given by the photometry, and the radius at which we
observe the decrease in rotation. Figure 8 shows a subsample of
the galaxies with the highest number of tracers, in order to have
the best possible statistics. Most of them show a decreasing rota-
tion amplitude. We fitted their radially binned smoothed veloc-
ity fields with a cosine, whose position angle is aligned with the
photometric major axis
V˜(R, φ) = Vmaj.ax.(R) cos(φ − PAphot) (12)
in order to extract the velocity profiles along the major axis. The
fitted amplitudes are shown in figure 8. Overlaid in red is the stel-
lar kinematics along the photometric major axis from literature
slit data (references in table 1). The orange vertical lines indicate
the characteristic scale of the disks. For all the galaxies shown,
the quantity plotted is the disk half light radius: R1/2 ' 1.67Rh.
Rh is the disk scale length from an exponential fit of the disk
component (Rh from Burkhead 1986; Scorza et al. 1998; Pig-
natelli 1999; Laurikainen et al. 2010; Beletsky et al. 2011; Kra-
jnovic´ et al. 2013; Cortesi et al. 2013b, for figures 5 and 8).
We can see that the radial distance at which the decrease in
the rotation occurs is consistent with the size of the disk. There-
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Fig. 8. Rotation velocity profiles for the FRs with highest number of tracers along the major axis. The full circles show the fitted amplitude Vmaj.ax.
on the PN velocity fields (see equation 12). The red stars are stellar kinematics along the photometric major axis from the literature (references
in table 1). The PN kinematics of NGC 4594 is compared with the stellar kinematics from a slit parallel to the major axis, offset by 30 arcsec
(purple stars). The orange vertical lines mark the sizes of the photometric disks (see text). NGC 4494 shows a decrease in Vmaj.ax. but there is no
photometric evidence for a stellar disk. When the disk fades in the slowly rotating spheroid, the rotation velocity decreases. In addition, the PN
rotation velocity may be lower than the values from absorption line spectroscopy at the same radii because of the smoothing that averages disk and
spheroid PNe for near edge-on disks.
fore we interpret this behavior as the transition between a flat
component that rotates fast and a dispersion dominated rounder
spheroid. For NGC 4494 there is no photometric evidence for a
disk component. In this case the stellar disk component might be
absent or very faint if the galaxy is seen nearly face on ( ∼ 0.14
for NGC 4494). In the other FRs that are not shown in figure 8,
but displaying a drop in the amplitude of rotation, the compar-
ison between slow rotating PN system and rapid rotation in the
absorption line kinematics, suggests similar transition at smaller
radii.
Figure 5 shows that the three galaxies with approximately
constant Vrot profiles (NGC 2768, NGC 4564, and NGC 5866)
do actually show a small decrease in rotation in correspondence
to R1/2, when compared with the values from absorption line
spectroscopy. At larger radii their fast-rotating spheroidal halo
(NGC 2768, Cortesi et al. 2013b), or alternatively an uniden-
tified outer disk component, dominates the kinematics. Among
the remaining three galaxies in figure 5 with increasing Vrot pro-
files, two of them (NGC 3384 and NGC 7457) have an extended
disk component, to which most of the PNe belong (Cortesi et al.
2013b). NGC 4742, by contrast, does not have any photometric
evidence for a disk component, hence the high rotation at large
radii is likely associated with the spheroid.
7.3. Summary
Our results show that the kinematics of ETGs at large radii can
be substantially different from that in the inner regions. For the
SRs we observe a growth in the amplitude of rotation. For the
FRs, this variation in the kinematics manifests as a decrease in
the amplitude of rotation or a twist in the PAkin. We interpreted
this behavior as the transition from the inner disk component into
the spheroidal halo, which is dispersion dominated and might
deviate from axisymmetry.
Figure 9 illustrates this conclusion by comparing the V/σ
ratio in the halo and in the inner regions (at 1Re). The V/σ(Re)
values are derived by interpolating the Vrot and σ profiles from
integrated light (shown in figures 5 and 7, see references in table
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Fig. 9. V/σ(Re) from absorption line data compared with V/σ(halo)
from PN data. References for the absorption line data are in table 1;
note that for NGC 1399 and NGC 3923 data are available up to Re/2
and Re/4, respectively. The flattening of the ellipses used to plot the
galaxies correspond to the  values of table 1. FRs and SRs are shown
with different colors, as are the FR with triaxial halos. The gray open
ellipses represent the galaxies (all FRs) with fewer tracers, for which
our analysis provides a lower limit for V/σ(halo). The solid line traces
equal values of V/σ(Re) and V/σ(halo). The orange circles shows the
V/σ of simulated galaxies from Wu et al. (2014), divided by a fac-
tor 0.57 to rescale their two dimensional flux-weighted measurement
to one-dimensional quantities (Cappellari et al. 2007). While the SRs
show increased rotation in their halos, the majority of the FRs show a
drop in rotation at large radii.
1) at R = Re, while V/σ(halo) is the ratio of Vrot and σ estimated
in the outermost radial bin of the PN velocity fields (see table 1
for the outermost mean radius ).
All the SRs fall below the 1:1 line, showing higher rotational
support at large radii. The spread of the FRs in the diagram re-
flects their different intrinsic structure and kinematics. The halos
of most FRs have V/σ ratio similar to the V/σ(halo) of SRs.
Among these the scatter in V/σ(Re) is probably driven by the
presence of a more or less prominent disk component seen at dif-
ferent inclinations, and embedded into the dispersion-dominated
spheroid. The flattening of the ellipses in figure 9, in fact, shows
that galaxies with higher  also display higher V/σ(Re).
A second group of FRs with high rotational support in the
halo populate the diagram on the right of the 1:1 line. These
galaxies are either dominated by disk rotation at all radii (NGC
3384 and NGC 7457), or have a rapidly rotating spheroid (NGC
2768, Cortesi et al. 2013b), or either of these (NGC 4564, NGC
4742).
The FRs with triaxial halos typically show equal values of
V/σ(Re) and V/σ(halo), spanning all values in V/σ(halo). It is
possible that the group of galaxies near the 1:1 line but without
signature of triaxiality in the current data could show such sig-
natures with higher resolution in the kinematics. Therefore we
cannot presently determine whether these last two subset of FRs
are different or not.
The orange full circles in the V/σ plot show the inner-halo
kinematics from Wu et al. (2014), who studied the kinematics of
ETGs in cosmological zoom simulations (Oser et al. 2010; Naab
et al. 2014) out to 5Re. Their V/σ(Re) and V/σ(5Re) were divided
by a factor 0.57 to rescale their two dimensional flux-weighted
measurements to one-dimensional quantities (Cappellari et al.
2007). The comparison with the observations shows that these
simulations do not adequately reproduce the observed properties
of fast rotating galaxies, which span a much wider spectrum of
kinematic properties at large radii.
8. Discussion
8.1. Halo rotation versus central rotation
The PN velocity fields show that ETGs may have very differ-
ent kinematics at large radii compared to their inner regions. We
found that SRs typically increase their rotation in the halo, while
most of the FRs display a decrease of Vrot towards large radii.
The observed variety of radial trends for the rotation ampli-
tudes is consistent with the different shapes of the λR parameter
profiles observed in the smaller sample of Coccato et al. (2009),
and confirmed by Arnold et al. (2014) and Foster et al. (2016).
The study of the λR profiles for the current sample of galaxies is
the subject of a future paper (Coccato et al. in prep.).
The existence of these radial trends was recently questioned
by Raskutti et al. (2014) and Boardman et al. (2017), who found
no evidence for a change in their stellar kinematics beyond Re.
The divergence from our results may arise from the different ra-
dial coverage; their kinematics does not reach to the distances
where the drop in rotation typically occurs, beyond ∼ 1Re. An
example is the lenticular galaxy NGC 1023, in common between
the two samples. For this galaxy Boardman et al. (2017) report
a rising λR profile to almost 2Re, in agreement with our observa-
tion of a decrease in rotation only beyond ∼ 3Re.
The onset of rotation of the SRs at larger radii, often along
directions that do not coincide with the major axis of the galaxy,
may trace the accreted stellar component, which maintains a
memory of the orbital angular momentum of the accreted pro-
genitors.
8.2. Fast rotators with disks embedded in slowly rotating
halos
The sharp drop in angular momentum in some FRs has been
interpreted as the fading of an embedded disk structure of in-situ
stars in a dispersion dominated spheroidal halo (Coccato et al.
2009; Arnold et al. 2014). We qualitatively verified this scenario
in section 7.2.1, where we observed that the radius at which the
rotation along the major axis drops is consistent with the half
light radius of the inner disk component.
Our results suggest that FRs contain a more or less extended
rotating disk component, embedded in a more or less prominent
halo with its own kinematic signature. This is reflected in the dis-
tribution of these objects in the V/σ plane (figure 9). We found
that while a smaller group of FRs shows high rotation also in the
halo, the halos of most FRs have rotational support comparable
to that of the halos of SRs. This result is corroborated by the
observation that the ePN.S FRs tend to become rounder at large
radii (see figure 10).
This variety of kinematic properties is consistent with the va-
riety of physical processes that may drive the evolution of these
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objects (minor mergers, major mergers that lead to a spin-up of
the remnant, gas accretion, interactions with the environment,
secular evolution; Duc et al. 2011; Naab et al. 2014; Penoyre
et al. 2017; Smethurst et al. 2018) while preserving a rotating
disk structure at the center. The comparison of our observations
with simulated data from Wu et al. (2014) in figure 9 indicates,
however, that those simulations do not yet reproduce the full di-
versity in the variety of these processes.
8.3. Signatures of triaxial halos in the kinematics
In section 6.4 we studied the velocity fields and their kinematic
position angle profiles PAkin(R), and linked the observed mis-
alignments and twists with the triaxiality of the halos. SRs are
known to be mildly triaxial in their central regions, while the
FRs are predominantly oblate (Weijmans et al. 2014; Foster et al.
2017). Kinematic twists and misalignments for the FRs are rare
and small in the central regions. By sampling the kinematics
at more than twice the distances probed by previous studies,
the PNe line-of-sight velocities show that these features become
more frequent and pronounced in the outskirts. Based on these
signatures, we classified the halos of 40% of the FR galaxies as
triaxial, while the remaining ones are still consistent with being
axisymmetric at the resolution of the ePN.S survey. For these
objects the triaxiality of the halos is not ruled out.
On the other hand, it is in principle possible that axisymmet-
ric galaxies with a recent merger might display kinematic twists
and misalignments because of the contribution of the unrelaxed
accreted component to the PN velocity field. However, if the size
of the accreted satellite is such as to significantly contribute to
the PN population of the the host halo, and so as to produce fea-
tures in the PN velocity field, then the effect is short lived. This
makes the probability of occurrence of such circumstance low.
Deviations from a point-symmetric velocity field were found for
5/33 cases in section 5, probably due to recent accretion/mergers
in four cases and due to dust in one case. These galaxies are not
included in the triaxial classification.
An examination of the smoothed velocity fields in appendix
D shows that for some galaxies the trends in PAkin with radius
reflect a two-component velocity field in which rotation along
one axis dominates at intermediate radii and rotation along the
other axis dominates further out. This is the case for NGC 3379
and NGC 4649 among the FRs, and for NGC 4552 and NGC
4636 among the SRs. The velocity field of NGC 1344, instead,
shows that this galaxy is a prolate rotator. Up to now there are not
many observations of this phenomenon (Tsatsi et al. 2017, and
references therein), which is probably related to a recent merger
(Ebrová & Łokas 2017), as the shells of this galaxy attest. Our
sample contains two other galaxies (NGC 3923 and NGC 4365)
known to have prolate rotation at their centers, but their halos are
decoupled with respect to the inner kinematics.
A previous study of the intrinsic shapes of ETG halos was
performed by Foster et al. (2016) who, using the observed distri-
bution of ellipticities and misalignments for the SLUGGS galax-
ies out to ∼ 2.5Re were unable to rule out triaxiality in the out-
skirts of FRs. The same authors had previously found strong
evidence for minor axis rotation, hence a triaxial halo, in NGC
4473 (Foster et al. 2013). Viaene et al. (2018) recently observed
a strong kinematic twist beyond 1.5 Refor the massive FR NGC
5626. The extended PN kinematics allow us to generalize this
result to a significant fraction of the FRs.
8.4. Signatures of triaxial halos in extended photometry
If the kinematic twists seen in the PN velocity fields for a sig-
nificant fraction of ETGs indeed indicate triaxial halos in these
systems, one expects additional evidence for triaxiality to come
from observations of isophotal twists (Carter 1978; Leach 1981).
Hence in this section we compare with photometric data from the
literature, We do not expect to see a one-to-one correspondence
between variations of PAkin and variations of PAphot (see also
Foster et al. 2016), as the former are driven by the total poten-
tial of the galaxy, including dark matter, while the latter trace
variations of the distribution of the light alone.
The isophotes of ETGs are well-described by ellipses, with
deviations from perfect elliptical shape typically at the ∼ 0.5%
level (e.g. Bender et al. 1988). Hence the constant luminosity
surfaces of ETGs can be approximated by ellipsoids (for a re-
view see Merritt 1992). The projection on the sky of a coax-
ial triaxial ellipsoidal distribution of stars can result in twisting
isophotes only if their axial ratios varies with radius (Stark 1977;
Benacchio & Galletta 1980). The effects of triaxiality on the
PAphot profiles are model dependent (e.g. Benacchio & Galletta
1980; Franx 1988; Madejsky & Moellenhoff 1990). In general
considerable twists (> 10 degrees) can be produced by moder-
ately triaxial models, but their relative frequency is low, . 10%,
as the effects on the PAphot are small whenever the systems are
viewed close enough to one of their principal planes, and the
magnitude of the twists depends on how much the axial ratios
change.
Figure B.1 in appendix B shows extended ellipticity and
PAphot profiles from the literature for both FRs and SRs, for three
quarters of the ePN.S sample. We chose to consider only galaxies
with photometric data reaching at least 4 Re. Twists of PAphot are
observed for almost all the galaxies classified as triaxial in sec-
tion 6.4, and for several other FRs with no evidence for triaxiality
at the spatial sampling of the PN kinematics. It is evident, how-
ever, that the variation of PAphot measured for the FRs is modest
(< 10 degrees) in 12/19 = 63% of the cases. Thus we verify
whether the occurrence of small photometric twists is consistent
with the presence of a triaxial halo. We do this by constructing il-
lustrative, observationally motivated photometric models for tri-
axial FR galaxies, and comparing the statistical distribution of
photometric twists in these models with that observed for the
ePN.S sample of FR galaxies.
The models are built on the kinematic evidence found in the
previous sections suggesting that centrally flat FRs are embed-
ded in dispersion dominated spheroids, which can be triaxial.
The intrinsic shape of the central regions of FRs were investi-
gated by Weijmans et al. (2014, ATLAS3D survey) and Foster
et al. (2017, SAMI survey), who found that these galaxies are
close to oblate (p = 1)3 with mean flattening q ∼ 0.3. SRs are,
instead, less flattened (q ∼ 0.6), and mildly triaxial but, because
of the small number of these galaxies in the ATLAS3D and SAMI
samples, their intrinsic shape distribution is not well constrained.
In our models, the central regions of the FRs have intrinsic
shape in agreement with the previous results. In their halos, a
significant fraction of the FRs has kinematics similar to the SRs
(see figure 9). This is consistent with the expectation that the
satellites accreted into the halo should be largely uncorrelated
with the dynamics of the central galaxy. Thus for our first two
halo models we assume outer halo axis ratios like those for the
SRs, in which the accreted stars are expected to reach down to
small radii (Cooper et al. 2013; Rodriguez-Gomez et al. 2016).
3 Here p and q are the intrinsic axis ratios, such that 1 ≥ p ≥ q ≥ 0.
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This choice is supported by the evidence that the ellipticity pro-
files of FRs generally show decreasing trends at large radii (see
figures 10 and B.1 in appendix). However, some FRs in figure
9 rotate rapidly also in their halos; thus we also investigate tri-
axial halos with flatter isophotes. We parametrize the transition
between inner and outer regions in different ways. The models
are described in detail in appendix B.2. In summary we use:
– Model 1: a single component with a Sérsic n = 4 density
distribution and variable flattening: q = 0.3 and p = 1 at the
center, q = 0.6 and p = 0.9 in the outskirts. The transition
between these regions happens at R =< RT >= 1.8Re, where
RT is the kinematic transition radius defined in section 8.6.
– Model 2: a two-component model including a cored Sérsic
n = 4 halo with intrinsic constant flattening q = 0.6 and
p = 0.9 plus an embedded spheroidal-exponential disk with
flattening q = 0.3 and p = 1. The scale length of the disk
is taken to be such that 1.67h =< RT >, as qualitatively ob-
served in section 7.2.1. Within r = RT the total luminosity of
the disk in this model is ∼ 3.5 times that of the halo.
– Model 3: as Model 2, but with a maximally triaxial halo with
q = 0.6, p = 0.8.
– Model 4: as Model 2, but with strongly flattened, slightly
prolate-triaxial halo with q = 0.4, p = 0.8.
Figure 10 shows the maximum photometric twist and the
mean projected ellipticity measured for the subsample of the
ePN.S FRs with extended photometry (references in table 2;
the profiles are shown in appendix B.1). The distribution of the
galaxies in this diagram is compared with the same quantities
from the four triaxial models, each observed at 100 random
viewing angles. We find that:
1) the fraction of twists larger than 10 degrees is of order
30% (45% for Model 3). Large twists occur for viewing angles
θ . 50 degrees for Models 1 and 2, and for θ . 65 degrees for
Models 3 and 4 (θ = 0 for face-on view).
2) The comparison of the model prediction of twist angles
with the data points for the ePN.S FRs in figure 10 shows that
most of the model projections have low twists of the same
magnitude as the majority (63%) of the galaxies. Within the
statistical uncertainties, the models represent well the locations
of the galaxies in figure 10: an average ∼ 35% of the models are
above the 10 degrees threshold. From the models distribution
∼ 1 − 2 galaxies with photometric twists larger than 30 degrees
and mean ellipticity ∼ 0.1 would be expected but are not
observed. The missing ePN.S FRs in that region of the diagram
could be a result of small number statistics, observational bias
for near face-on systems, or model details.
3) Since the photometric twists are thus expected to be
small in most galaxies, the most obvious signature of a change
in the intrinsic shape is the variation of the projected ellipticity
with radius, as shown in figure B.2 in the appendix. The change
in ellipticity observed in the majority of the FRs in figure B.1
(see also appendix B.1) independently suggests the fading of
the central disk component in a more spheroidal halo, as we
previously inferred from rotation profiles.
This analysis based on illustrative oblate-triaxial photometric
models shows that the presence of small photometric twists, as
observed for the majority of the ePN.S FRs, is consistent with
the presence of a triaxial halo. I.e., it is likely that individual
oblate-triaxial models for these galaxies can be constructed that
are consistent with the measured photometric twist angles.
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Fig. 10. Upper panel: Ellipticity distribution for the FRs. The histogram
of the maximum measured ellipticity at R > 0.5Re is in green; the his-
togram of the outermost measured values is in blue. The distributions
show that the FRs tend to have halos rounder than their central regions.
Lower panel: Maximum photometric twist versus mean projected ellip-
ticity for a subsample of the ePN.S FRs with extended photometric data
(gray triangles; see text and appendix B.1, references in table 2). The er-
rors reflect the scatter between contiguous data points in the photometric
profiles. For the galaxies with indications for ongoing interactions in the
outermost photometry (see appendix B.1 and C) we estimated the mean
ellipticity and maximum position angle twist both from the complete
profiles (open symbols) and considering only the regions with regular
photometry (filled symbols). For NGC 1023 and NGC 3384 we show
quantities derived excluding the regions where the bar dominates. The
horizontal dashed line marks ∆PAphot = 10 degrees. The statistical dis-
tribution of points is consistent with simple photometric triaxial models,
shown each with 100 random projections (solid circles as described in
the legend; see text and appendix B.2).
We infer that many of the ePN.S FRs show small photomet-
ric twists because of the highly flattened, oblate shape of their
central regions and the gradual transition to a triaxial halo. The
consequence is a near-alignment within ∼ 10 degrees between
the inner kinematics and outer photometry of most these galax-
ies, as analogously observed for most of the FRs (Krajnovic´ et al.
2011; Fogarty et al. 2015, however, this numerical value also
depends on sample selection effects, see the following section).
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Hence extended kinematic studies that sample the outer regions
of these FRs are important to unveil the kinematic transition and
thus the change of the intrinsic shape.
Both PN kinematics and photometry are therefore consis-
tent with a picture in which FRs have a central disk component
embedded in a spheroidal dispersion dominated component. We
found this component to be triaxial for at least 40% of the FRs
in the ePN.S sample. The presence of photometric twists also for
other FRs without evidence for a kinematic twist in the PN data,
suggests that the fraction of galaxies with a triaxial halo might be
higher. In the following sections we will see that the spheroidal
component is most prominent in the most massive objects, and
that the comparison with cosmological simulations suggests an
ex-situ origin for it.
8.5. Comparison with the results of the ATLAS3D survey
The results discussed in the previous sections challenge a sim-
ple interpretation of the ATLAS3D survey results in terms of a
dichotomy between disk FRs and triaxial SRs (see Cappellari
2016, for a review on the subject).
The ATLAS3D (A3D) survey carried out IFS and photo-
metric observations of the central regions of a complete sam-
ple of 260 ETGs, morphologically selected from a volume-
limited sample of galaxies brighter than MK < −21.5 (Cap-
pellari et al. 2011). Their sample of ETGs spans luminosities
−21.57 ≥ MK ≥ −25.78 and mostly contains lenticular galax-
ies, i.e. galaxies with T type T > −3.5: only 24% of their ETGs
are ellipticals (T ≤ −3.5, Cappellari et al. 2011). The ePN.S
sample is, on average, 1 mag more luminous in the K band
(−22.38 ≥ MK ≥ −26.02), and the majority of the galaxies
(73%) are ellipticals, according to their T type from HyperLeda
(see Arnaboldi et al. in prep. for more details on the sample se-
lection). The A3D IFS kinematics covers typically radii up to
∼ 1Re (Emsellem et al. 2011). The fraction of Re covered is ac-
tually a decreasing function of galaxy luminosity, as Re depends
on MK (Cappellari et al. 2011), hence, for the ePN.S galaxies
in common with the A3D sample, the mean radial coverage is
0.49Re. Finally if one considers that the values adopted for Re
may underestimate the half light radii for the brightest objects
(see discussion in section 8.6), this fraction is actually smaller:
0.35Rhalflight, where Rhalflight is defined in section 8.6.
Figure 11 shows the stellar mass versus ellipticity plane for
both samples. The ePN.S galaxies are on average more mas-
sive and less flattened than the A3D ETGs. In particular, the
ePN.S FRs with triaxial halos are among the most massive A3D
FRs. For these galaxies the PNe kinematics generally show fairly
large twists of the PAkin, as the limited spatial resolution of the
survey prevents the measurement of small differences in angle.
In the ePN.S sample 40% of the FRs show signatures of a triaxial
halo. The comparison with the photometry in section 8.4 and in
appendix B.1 suggests that the number of FRs with triaxial halos
in the ePN.S sample might actually be higher.
Where the data overlap, the PN kinematics agrees well with
the IFS observations of the central regions, where the rotating
disk component dominates the kinematics of the FRs. At larger
radii both kinematics and photometry suggest that these galaxies
show a transition to a spheroidal component. If we interpret this
component with different kinematics and flattening as mainly
formed by accreted, ex-situ, stars, we find that for the most mas-
sive galaxies it dominates at smaller fractions of Re, in agreement
with simulations (Rodriguez-Gomez et al. 2016, see section 8.6).
This dependence on mass, combined with the smaller radial cov-
erage of the A3D kinematics, explains the different conclusions
Fig. 11. EPN.S and ATLAS3D samples compared in the stellar mass ver-
sus ellipticity plane. The ATLAS3D sample of ETGs is displayed with
gray open symbols (triangles for the FRs, circles for the SRs). For these
galaxies we show the ellipticity values from Krajnovic´ et al. (2011) and
M∗ = MJAM = (M/L)JAM × Ltot,r from Cappellari et al. (2013b) as in
their equation (28). The ePN.S galaxies are shown with full symbols:
red circles for the SRs, blue triangles for the FRs, and green squares
for the FRs with triaxial halos. For the ePN.S ETGs M∗ is the mean be-
tween MJAM (Cappellari et al. 2013b, when available), and the masses
M∗1 and M∗2 reported in table 2. The error bars on the mass show the
rms scatter between these different mass determinations. The values for
the ellipticity are listed in table 1.
drawn by the two surveys: low mass FRs are dominated by the
disk rotation up to large radii; the spheroid is more prominent
in the most massive FRs, where the accreted envelope reaches
smaller fractions of Re. Even so the radial coverage of the A3D
kinematics does not reach the transition radius (see section 8.6),
since the fraction of Re observed also depends on mass, as dis-
cussed above.
The present work shows that the wider spatial coverage of
the kinematics by the ePN.S survey delivers new informations
about ETGs that extend the results of previous surveys. FRs do
contain inner disk components, but many of them are not simply
highly flattened oblate objects. The results presented in this pa-
per point to a more complex scenario for ETGs than the simple
fast/slow rotator dichotomy. As predicted by simulations (Naab
et al. 2014; Rodriguez-Gomez et al. 2016), FR galaxies appear
to be more diverse objects than previously thought.
8.6. Kinematic transition radius
We found that most of the galaxies in the sample show a tran-
sition in their kinematics, marked by a change in the rotation
velocity Vrot or in the kinematic position angle PAkin. In the
framework of the two-phase formation scenario, we can inter-
pret such kinematic differences as tracing stellar components
with different origins, such as the in- and the ex-situ components.
From simulations (Rodriguez-Gomez et al. 2016, and references
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therein) it is predicted that the in-situ stars are concentrated in
the central regions of galaxies, while the accreted stars dominate
the halos, and that their relative contribution is related primarily
to the total mass. Within this framework we can define a transi-
tion radius RT as the distance at which we observe the described
transition in the kinematics, and compare it with the total stellar
mass.
The radial range RT ± ∆RT is here quantified using
(A) in case of a declining Vrot profile, the interval between the
radius at which Vrot is maximum and the radius at which it de-
creases by ∼ 50 km s−1
(B) in case of an increasing Vrot profile, the radial range in which
Vrot increases from ∼ 0 to ∼ 50 km s−1
(C) in case of a kinematic twist, the radial range in which PAkin
changes significantly.
Table 3 lists the RT ± ∆RT values measured, and specifies the
criteria (A,B,C) used for deriving it. RT ± ∆RT is also plotted in
figures 5 and 6 with vertical lines.
For each galaxy we estimate the stellar mass using two differ-
ent approaches, designated by M∗1 and M∗2, to have also an es-
timate of the systematic uncertainties. The values for the masses
are listed in table 2, along with the description of the procedure
used for calculating them.
Figure 12 shows the stellar mass of the galaxies versus
RT /Re. The full circles show the same quantities in three bins
of RT /Re; the error bars represent the standard deviation of the
mass and of the RT /Re ratio in the bin. A clear correlation exists
between total stellar mass and RT /Re, in the sense that the more
massive galaxies tend to have transition radii at smaller fractions
of Re. The shaded region in figure 12 shows the corresponding
quantities from the N-body simulations of Cooper et al. (2013).
Using their stellar mass surface density profiles in bins of dark
halo virial mass (M200/M; their figure 6), we estimated the tran-
sition radius in units of half mass radii as the distance at which
the accreted component overcomes the in-situ component. The
total masses M200 are converted to stellar masses via abundance
matching, using the prescription given by Behroozi et al. (2010).
Both data and simulation follow the same trend.
Fig. 12. Transition radius in units of Re versus total stellar mass (open
symbols: circles for SRs, triangles for FRs). The full symbols show the
same quantities in bins of RT /Re. Different colors show the results of
two different procedures for calculating the total stellar mass, see table 2
for details. The shaded region shows the corresponding quantities from
the simulations of Cooper et al. (2013), see text.
We also observe a higher scatter in RT /Re for the lower mass
galaxies, in agreement with the results of Rodriguez-Gomez
et al. (2016) from the Illustris simulations. They defined a three-
dimensional transition radius rT as the distance at which the ac-
Fig. 13. Transition radius in units of Rhalflight versus total stellar mass
(open symbols: circles for SRs, triangles for FRs). The full symbols
show the same quantities in bins of RT /Rhalflight. Different colors show
the results of two different procedures for calculating the total stellar
mass, see table 2 for details.
creted stellar mass fraction overcomes the in-situ, and normal-
ized it by the stellar half mass radius rhalf,∗. Their study shows
an additional dependence of rT /rhalf,∗ on morphology, halo for-
mation time, and recent merger history, and that rT /rhalf,∗ tightly
correlates with the ex-situ stellar mass fraction.
We tested the dependence of the correlation found on the
choice of the value of Re. The used values (listed in table 1) de-
rive mostly from a calibrated average between 2MASS and RC3
determinations (Cappellari et al. 2011). Deeper photometric data
would deliver larger values for Re for the brightest galaxies (Ko-
rmendy et al. 2009). For this reason we carried out a simple pho-
tometric analysis, to be completed in a future study, with the goal
of having a homogeneous determination of Re for all the sample
galaxies which takes into account the shallower surface bright-
ness profile of the brightest galaxies. Using the surface bright-
ness profiles available in the literature (references in table 2), we
fitted a Sérsic law in the outermost regions of the galaxies and
extrapolated the profiles up to very large radii to include all the
stellar light. We then evaluated the half-light radius Rhalflight from
the growth curves (see table 2). Figure 13 shows that with these
half-light radii, the relation between RT /Rhalflight and total stellar
mass becomes steeper and agrees even better with the predicted
trend from the simulations.
Spavone et al. (2017) quantified transition radii for a subsam-
ple of the ePN.S SRs using a parametrization of the light pro-
files with a multi-components Sérsic fit. Their three-components
model describes the superposition of an in-situ component domi-
nating the central regions, a relaxed, phase-mixed accreted com-
ponent, to which is associated the transition radius Rtr1, and
an outer diffuse component of unrelaxed accreted material with
transition radius Rtr2. The transition radius is defined there as the
radius at which one component overcomes the other. The RT de-
rived from the kinematics generally compares with Rtr1 for the
same galaxies.
D’Souza et al. (2014), using image stacking of a large sample
of galaxies, defined Racc as the radius at which the outer compo-
nent of a double Sérsic model begins to dominate the integrated
stellar light. They found a dependence of Racc on the stellar mass,
and, at comparable masses, their photometric values Racc [kpc]
are in the same range as our kinematic RT [kpc]. This is inter-
esting considering the different approaches used to derive these
quantities.
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8.7. The diverse halo formation histories
Cosmological simulations (Naab et al. 2014; Penoyre et al. 2017)
show that FRs, as well as SRs, are the result of different forma-
tion pathways, characterized by factors like the number of merg-
ers, the merger mass ratio, the timing of mergers, and the gas
fraction. We note, however, that the adopted star formation and
AGN feedback models influence the resulting morphologies and
kinematic properties, so that definitive statements about the ori-
gin of FRs and SRs cannot yet be made (see Naab & Ostriker
2017, for a recent review). In the two-phase scenario, if the for-
mation history is dominated by dissipation, then it is likely that
the system becomes a fast rotator. Dissipation is particularly im-
portant in the early stages of galaxy formation, when the in-situ
component generally settles down in a flattened rotating disk
component (Rodriguez-Gomez et al. 2016; Qu et al. 2017), so
that before redshift ∼ 1 the progenitors of the FRs and SRs are
nearly indistinguishable (Penoyre et al. 2017). Later on, the evo-
lution of galaxies is determined by the stochasticity of merging
events, which at low redshift are mostly gas-poor (e.g. Lee & Yi
2013). Major mergers contribute to the loss of spin of the rem-
nant, while minor mergers are responsible for the growth in size
and mass. The accretion of stars happens preferentially on radial
orbits, and frequent mergers efficiently mix the in-situ and the
accreted stellar populations while changing the intrinsic shape
towards a more spheroidal form (e.g Jesseit et al. 2005; Hilz et al.
2012, 2013; Röttgers et al. 2014). Fast rotating galaxies experi-
ence a lower number of mergers when compared to the more
massive slowly rotating systems, so their in-situ component is
preserved in the central regions, in an axisymmetric, rotation-
ally supported disk (e.g. Naab et al. 2014; Penoyre et al. 2017).
Their halos, which host most of the accreted component, are not
necessarily axisymmetric.
9. Summary and conclusions
In this paper we reconstructed and analyzed the velocity fields
of 33 ETGs into their outer halos using planetary nebulae (PNe)
as tracers. For the total ePN.S sample, we combined 25 galax-
ies from the PN.S ETG survey with 8 objects observed with
counter-dispersed imaging or multi object spectroscopy from
other sources (Arnaboldi et al. in prep.). In the extended PN.S
(ePN.S) sample, 24 galaxies are classified as FRs (following the
definition by Emsellem et al. 2011), and 9 are SRs. The kine-
matic information typically extends to 6 effective radii (Re), from
a minimum of 3Re to a maximum of 13Re.
We derived kinematic quantities such as the amplitude of ro-
tation, the kinematic position angle (PAkin), and the velocity dis-
persion, using an adaptive kernel smoothing technique validated
with simulated velocity fields.
In this process, we checked whether the galaxy velocity
fields were point-symmetric as expected for triaxial galaxies in
dynamical equilibrium, and whether the systemic velocity is un-
changed in the outer halo.
We supplemented the PN kinematics with absorption line
kinematic data from the literature (typically limited to the re-
gions inside ∼ 1 − 2Re), in order to have a complete picture of
the nature of the objects, and compared the results from different
datasets in the regions of overlap. Highlights of the results are:
(1) Most FRs (70%) have decreasing rotation amplitudes
with radius, while a minority shows constant (15%) or increas-
ing (15%) trends. 60% have PAkin in their halos aligned with
the photometric major axis at the spatial sampling of the ePN.S
survey. The SRs display modest but significant rotation in their
outskirts. Among the FRs, 10% have very weak or no rotation in
their outskirts.
(2) SRs have approximately constant velocity dispersion pro-
files with radius, except for NGC 4636 which shows a steep drop
in dispersion beyond 200 arcsec. The FRs display a variety of
velocity dispersion profile shapes: some are approximately con-
stant, others decrease steeply with radius (figure 7).
(3) From their velocity fields, all of the SRs and 40% of the
FRs show signatures of a triaxial halo (figure 6). For these galax-
ies we observe either a twist in the PAkin or a constant misalign-
ment with the photometric major axis. In addition, two SRs have
halos that are decoupled in their PAkin.
(4) Five galaxies show deviations from point symmetry. For
NGC 2768 and NGC 4594 these effects are small (probably re-
lated asymmetries in the light distribution, in the former, and to
extinction effects in the latter) and do not influence our kinematic
analysis. NGC 1316, NGC 4472, and NGC 5128 instead display
strong features, that indicate halos not in dynamical equilibrium.
NGC 5128 is a merger remnant with clear minor axis rotation,
and hence it is a triaxial system. For NGC 4472 the determina-
tion of the PAkin is influenced by the presence of an in-falling
satellite. While we included this SR among the triaxial objects,
we note that the galaxy would have approximately major axis
rotation once the PNe of the satellite are removed, and we refer
to Hartke et al. (2018) for a more detailed study. NGC 1316 is a
merger remnant with pronounced major axis rotation in the halo.
(5) In a V/σ(Re) versus V/σ(halo) diagram (figure 9), the
previous results imply different locations for the slow and the
FRs. The latter separate further between FRs with slowly ro-
tating outer spheroid and FRs that rotate rapidly at large radii
also. The high values of V/σ(halo) are either due to a dominat-
ing disk component (e.g. NGC 7457) or to a rapidly rotating
outer spheroid (NGC 2768). The FRs with triaxial halos show
approximately equal values of V/σ(Re) and V/σ(halo), and span
all values of V/σ(halo).
(6) In the 11 FR galaxies with the largest number of PN trac-
ers, we see a decrease in the rotation velocity profile. In 10 cases
this occurs approximately at a transition radius RT similar to the
scale radius of the known stellar disk component4, suggesting
that the transition from rapid to slow rotation is due to the radial
fading of the stellar disk in a slowly rotating outer spheroid. For
NGC 4494 there is no photometric evidence for a disk. In the
other FRs with fewer tracers that also show a decrease in rota-
tion, the comparison between the slow rotation of the PN system
and the rapid rotation in the absorption line kinematics, which is
related to an inner disk, suggests a similar transition at smaller
radii.
(7) In extended photometry, the ePN.S FRs with triaxial
halos show small but significant isophote twists, typically of
∼ 5−15 degrees, lower than for the rounder SRs. The comparison
with illustrative, observationally motivated, oblate-triaxial mod-
els shows that the distribution of observed photometric twists for
the ePN.S FRs is consistent with the presence of a triaxial halo.
(8) For SRs, we estimate a kinematic transition radius RT
from a variation in the rotation or in the PAkin profile. Combining
with the transition radii of FRs, we find a relation between the
ratio RT /Re and stellar mass, such that the most massive galax-
ies have the lowest RT /Re (figure 12). In the framework of the
two-phase formation scenario we can interpret RT as marking
the transition between the inner regions, dominated by the in-
situ stellar component, and the halo, which is mostly accreted.
4 Throughout this paper we indicate with "disk component" a highly
flattened, but definitely three-dimensional, oblate, rotating component.
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The comparison with photometric studies (D’Souza et al. 2014)
and cosmological simulations (Cooper et al. 2013; Rodriguez-
Gomez et al. 2016) shows good agreement, in particular the pre-
diction from simulations is quantitatively confirmed.
(9) In the mass-ellipticity plane (figure 11), the ePN.S FRs
with triaxial halos are amongst the most massive of the FRs
in the ATLAS3D survey. If we interpret the triaxial envelopes
of these galaxies as mainly formed by accreted, ex-situ, stars,
the observed mass dependence is in agreement with simulations
(Rodriguez-Gomez et al. 2016) which predict that the accreted
component dominates down to smaller fractions of Re for more
massive galaxies (figure 13). The dependence on mass, com-
bined with the fainter survey limit and smaller radial coverage
of the ATLAS3D kinematics, explains the different conclusions
drawn by the two surveys: low mass FRs are dominated by the
disk rotation up to large radii; however, in the more massive FRs
the spheroid is more prominent, where the accreted envelope
reaches smaller fractions of Re. In the massive FRs, the inner
disks frequently fade in slowly rotating outer spheroids which
are often triaxial.
In the data presented here, we see
– SRs
– FRs without apparent disks (NGC 4494 and NGC 4742)
– FRs with only inner disks and slowly rotating spheroids (e.g.
NGC 3377)
– FRs with dominant disks all the way to their outermost re-
gions (e.g. NGC 7457)
– FRs with inner disks and rapidly rotating spheroids (e.g.
NGC 2768)
– FRs with triaxial halos that are dominated by dispersion
(e.g. NGC 4649) or that rotate rapidly (NGC 4742 and NGC
5866)
Thus we conclude that ETGs show considerably more di-
versity in their halos than is apparent from their central bright
regions. We also see clear signatures of the two-phase formation
scenario: three galaxies show out of equilibrium kinematics in
their halos, and more generally the inner and outer regions of
ETGs often have different kinematic properties, where the tran-
sition radius depends on the stellar mass as predicted by cosmo-
logical simulations.
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Table 2. Measured parameters and typical errors for the smoothed velocity and velocity dispersion fields
Galaxy A(a) B(a) δv(b) 〈∆V˜〉(c) 〈∆σ˜〉(d) Vsys(e) Rhalflight(f) log10
(
M∗1
M
)
log10
(
M∗2
M
)
Ref.
NGC [arcsec−1] [ km s−1] [ km s−1] [ km s−1] [ km s−1] [arcsec] (g) (h) phot.(i)
0584 0.37 63.2 21. 21. 15. 1901.±27. 30 11.07 11.04 (4)
0821 0.50 9.7 21. 22. 16. 1697.±16. 38 10.97 10.87 (1);(2)
1023 0.26 15.3 14. 19. 13. 618.± 9. 39 10.93 11.06 (6)
1316 0.46 21.3 30. 24. 21. 1749.±30. 115 11.84 11.64 (4)
1344 0.40 10.8 10. 21. 13. 1190.±13. 44 11.06 11.01 (7)
1399 0.84 5.2 37. 27. 18. 1401.±19. 122 11.53 11.51 (4)
2768 0.33 17.5 20. 26. 22. 1378.±14. 70 11.30 10.90 (15);(19)
2974 0.57 33.6 21. 25. 21. 1803.±42. 43 10.87 11.06 (4)
3115 0.28 19.6 20. 30. 21. 624.±16. 73 10.98 10.96 (4)
3377 0.32 19.0 20. 12. 8. 708.± 9. 51 10.45 10.37 (1);(2);(3);(19)
3379 0.34 16.2 20. 21. 14. 934.±17. 58 10.89 10.89 (8);(9)
3384 0.25 18.9 20. 14. 10. 722.± 9. 42 10.77 10.88 (16);(20)
3489 0.32 14.7 20. 14. 11. 707.±12. 22 10.56 10.61 (16)
3608 0.37 24.6 21. 15. 11. 1235.±16. 108 10.84 11.18 (2);(3)
3923 0.60 24.3 30. 36. 26. 1677.±26. 164 11.54 11.66 (4)
4278 0.88 2.4 18. 18. 14. 605.±17. 59 10.89 10.87 (12);(19)
4339 0.43 20.3 21. 8. 6. 1300.± 7. 27 10.38 10.18 (13);(19)
4365 0.91 0.2 21. 20. 14. 1273.±11. 111 11.48 11.51 (14)
4374 0.86 1.6 23. 27. 19. 1050.±18. 122 11.45 11.56 (14)
4472 0.74 11.3 20. 38. 33. 959.±22. 193 11.71 11.76 (14)
4473 0.91 0.2 21. 18. 12. 2236.±13. 38 10.87 10.78 (17)
4494 0.41 12.8 21. 17. 12. 1348.±10. 49 11.05 10.87 (10)
4552 0.90 0.6 21. 23. 16. 361.±15. 101 11.11 11.18 (14)
4564 0.24 16.5 21. 19. 12. 1169.±17. 24 10.59 10.94 (1)
4594 0.54 19.3 30. 32. 28. 1060.±16. 102 11.37 11.10 (4);(21)
4636 0.68 9.5 21. 24. 16. 903.±19. 172 11.12 11.27 (14)
4649 0.86 1.5 20. 25. 18. 1059.±18. 132 11.55 11.55 (14)
4697 0.45 6.0 35. 23. 16. 1274.±11. 123 11.03 11.05 (2);(11)
4742 0.20 16.9 21. 13. 10. 1305.± 9. 13 10.38 10.37 (4);(22)
5128 0.29 25.6 4. 25. 21. 536.±17. 414 11.04 11.20 (4)
5846 0.90 0.1 21. 25. 17. 1716.±19. 193 11.42 11.49 (5);(18)
5866 0.34 18.7 21. 15. 10. 782.±10. 48 10.97 11.01 (16);(19)
7457 0.28 10.5 20. 7. 6. 843.± 5. 62 10.28 10.63 (16); (19)
Notes. (a) Kernel parameters, A and B, used in the smoothing procedure, see section 3.
(b) Mean error on the measured radial velocities.
(c) Mean error on the smoothed velocity field.
(d) Mean error on the velocity dispersion field.
(e) Subtracted systemic velocity.
(f) Half-light radius, see text.
(g) Logarithm of the stellar mass M∗1 in solar units. M∗1 are derived from the K-band luminosities MK listed in table 1, corrected for missing flux
as in Scott et al. (2013): MKcorr = 1.07 × MK + 1.53, and applying a mass-to-light ratio of 1 (appropriate for old stellar population with a Kroupa
IMF, Forbes et al. 2016).
(h) Logarithm of the stellar mass M∗2 in solar units. M∗2 are derived using total luminosities obtained by fitting the surface brightness profiles
with a Sérsic law and integrating till very large radii. The apparent magnitudes obtained are converted to absolute magnitudes using the distances
listed in table 1, corrected for foreground galactic extinction, and homogenized to B magnitude using color indexes from the HyperLedaa database
and from Sandage & Visvanathan (1978). We then applied a stellar mass to light ratio given by the relation from Bell et al. (2003): log10
M
LB
=
−9.42 + 1.737 × (B − V), where the (B − V) color index is from HyperLeda.
(i) References for the photometry: (1) Goudfrooij et al. (1994), (2) Lauer et al. (2005), (3) Jedrzejewski (1987), (4)Li et al. (2011), (5) Kronawitter
et al. (2000), (6) Noordermeer et al. (2008), (7) Sikkema et al. (2007), (8) Capaccioli et al. (1990), (9) Gebhardt et al. (2000), (10) Napolitano et al.
(2009), (11) de Lorenzi et al. (2008), (12) Peletier et al. (1990), (13) Caon et al. (1994), (14) Kormendy et al. (2009), (15) Hopkins et al. (2009),
(16) Krajnovic´ et al. (2013), (17) Caon et al. (1990), (18) Spavone et al. (2017), (19) Michard & Marchal (1993), (20) Meusinger & Ismail (2007),
(21) Gadotti & Sánchez-Janssen (2012), (22) Lauer et al. (1995)
a Makarov et al. (2014), http://leda.univ-lyon1.fr/
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Table 3. Results of the kinematic analysis
Galaxy class(a) point features in multiple triaxial(e) RT (f) NOTES(f)
NGC symm.(b) PAkin(R)(c) kin. comp.(d) arcsec
0584 F y n n n ——— small number of tracers
0821 F y y n y 60 ± 30 (A,C)
1023 F y n n n 160 ± 20 (A)
1316 F n y y n 75 ± 25 (A) - merger remnant
1344 F y y n y 30 ± 15 (C) - prolate rotation
1399 S y y y y 30 ± 15 (B) - kinematically decoupled halo
2768 F n n n n 145 ± 45 (A) - fast rotating halo
2974 F y n n n ——— small number of tracers
3115 F y y n n 135 ± 45 (A) - photometry reveals a perturbed disk at
the interface with the spheroid component
3377 F y y y y 55 ± 15 (A)
3379 F y y y y 60 ± 20 (A,C) - hints for growing rotation in the out-
skirts
3384 F y n n n ——— extended disk
3489 F y n n n ——— small number of tracers
3608 S y y n y 55 ± 35 (B)
3923 S y y n y 70 ± 30 (B)
4278 F y n n n 25 ± 15 (A)
4339 F y n n n ——— small number of tracers
4365 S y y y y 125 ± 25 (C) - kinematically decoupled halo
4374 S y y n y 83 ± 33 (B)
4472 S n y y y 25 ± 10 (B) - recent merger; kinematics dominated by
in-falling satellite
4473 F y y n y 25 ± 13 (A) - minor axis rotation observed by Foster
et al. (2013)
4494 F y y y y 93 ± 43 (A)
4552 S y y y y 73 ± 58 (B,C)
4564 F y n n n 85 ± 45 (A) - fast rotating halo
4594 F y n n n 180 ± 90 (A) - no detections in the plane of the disk
(dust absorption)
4636 S y y y y 140 ± 40 (C)
4649 F y y y y 115 ± 15 (A) - no detections on the west side of the
galaxy
4697 F y y n n 85 ± 65 (A) - hints for growing rotation in the out-
skirts; note that this PN sample contains a sec-
ondary PN population out of dynamical equi-
librium (Sambhus et al. 2006)
4742 F y y n y 43 ± 32 (C)
5128 F n y y y 95 ± 55 (C) - recent merger
5846 S y y n y 100 ± 50 (B)
5866 F y y n y 75 ± 25 (A) - fast rotating halo
7457 F y n n n ——— extended disk
Notes. (a) The sample is divided into slow (S) and FRs (F), according to the definition of Emsellem et al. (2011).
(b) Point symmetry properties of the PN smoothed velocity fields: "y" marks point symmetric galaxies while "n" marks galaxies showing asymme-
tries, see section 5
(c) Significant kinematic twist or misalignment of PAkin with respect to PAphot: "y" marks galaxies showing at least one of these, see section 6.4
(d) For the galaxies marked with "y", the PN smoothed velocity fields reveal rotation along two perpendicular axes or a halo which is kinematically
decoupled with respect to the innermost regions, see sections 7 and 6.4.2.
(e) Galaxies marked with "y" have been classified as triaxial in section 6.4.
(f) RT ± ∆RT is the radial range of the kinematic transition.
(g) Criteria (A, B, C) used to define the radial range RT ± ∆RT as described in the text (section 8), and notes on individual galaxies (see also the
dedicated appendix C).
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Appendix A: Testing the adaptive kernel smoothing
procedure on simulated data
Our procedure for the measurement of the mean velocity and ve-
locity dispersion fields from the observed LOS velocities of the
PNe is based on performing a weighted local average, where the
weights depend on the local density of tracers. The derived quan-
tities depend on how well the detected PNe statistically sample
the parent galaxy in the phase space. In particular the spatial
distribution of the PNe plays an important role, as the smooth-
ing averages over objects that are close together on the sky. Ap-
pendix A.1 describes what determines the observed PN spatial
distribution and how this, combined with a smoothing procedure,
may affect the results. Appendices A.2 and A.3 study and quan-
tify these effects on a simulated galaxy (with variable number of
tracers and V/σ ratio) and on simulated velocity fields, with the
same spatial distribution as the observed galaxies. We found that
the smoothing procedure does not create artifacts in the velocity
fields above the 1σ level; any features above this threshold are
probably real.
Appendix A.1: PN spatial distribution and completeness
The observed PN spatial distribution depends on several factors.
The most evident one is the incompleteness in the central high
surface brightness regions because of the difficulty in detecting
faint point sources against a bright background (Arnaboldi et al.
in prep., Coccato et al. 2009). This is a strong function of the
radius and it is quantified by the completeness function, the frac-
tion of detected objects in different radial ranges.
In addition, the PN number density is proportional to the lo-
cal surface brightness of the galaxy. This means that the num-
ber of tracers decreases with radius following the steep decrease
of the surface brightness, and features in the surface brightness
distribution may generate under- or over-densities of PNe. Of
course at our typical number of tracers (∼ 200) these features in
density are barely distinguishable from statistical effects.
The adopted smoothing procedure takes into account the nat-
ural non-uniformity of the PNe distribution through the use of an
adaptive kernel technique, which optimizes the size of the ker-
nel to the local density of tracers. Nevertheless a local average of
the velocities over a non-uniform spatial distribution, combined
with the statistics in the LOSVD sampling, may in principle gen-
erate features in the kinematic maps or biases in the estimate
of the kinematic parameters. On the other hand, averaging over
voids or over sparsely distributed tracers unavoidably leads to
over-smoothed velocity amplitudes and to under-resolved veloc-
ity gradients. The residual velocities from the unresolved gradi-
ents may artificially boost the dispersion , creating local maxima
in the velocity dispersion maps. In appendices A.2 and A.3 we
assess the impact of such biases using simulated data.
Appendix A.2: Tests with data from a simulated galaxy
We used a simulated major merger remnant, sampled by 10000
particles. We reproduced a realistic observed dataset by locating
the simulated galaxy at a distance of 20 Mpc, and applying to it a
completeness function similar to those observed (see Arnaboldi
et al. in prep.). We observed the galaxy in a field of view similar
to that of the ePN.S, 800 × 800 arcsec2 wide centered on to the
galaxy. At this point, the simulated galaxy can be used as a test
case for the procedure: we can explore how the results change
by varying the number of tracers at our disposal, by selecting
randomly typical numbers of observed PNe; different random
extractions of tracers give us different statistical realizations of
the system, and different projections of the galaxy on the sky
plane give us different V/σ ratios.
Figure A.1 shows an example of such an experiment. The
smoothed velocity and velocity dispersion fields are plotted for
the 10000 particle simulation, together with the maps for 400
stars and 200 stars. For the 200 particles case we show two typ-
ical statistical realizations (A and B) in order to illustrate the ef-
fects of limited statistics on the kinematic quantities. The panels
at the bottom right show the fitted kinematic position angles, the
amplitudes of the rotational velocity, and the azimuthally aver-
aged velocity dispersion profiles in circular bins. The kinematic
quantities are in general well recovered within the errors. The
simulation is point symmetric in the region selected, and so are
the limited statistical realizations. The statistical fluctuations that
appear in the smoothed fields usually do not cause a deviation
from point symmetry nor a variation of the kinematic position
angle larger than the error bars. The velocity dispersion may be
marginally boosted at the center of the galaxy, associated with
the lack of detections, (see the case of 200 stars in figure A.1),
but the dispersion profile is recovered within the errors. So we
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Fig. A.1. Smoothed velocity and velocity dispersion fields in the ePN.S field of view for a simulated ETG, traced by 10000 particles, 400, and 200
stars after the convolution with a completeness function. For the 200 particle case, we show two typical statistical realizations (A and B) of the
extracted sample, to illustrate the effects of the limited statistics on the smoothed quantities. The global features of the simulation are preserved in
the different fields but, as expected, the spatial and velocity resolution of the local gradients is downgraded when the number of tracers decreases.
The lower right panels display the fitted kinematic position angle PA, the rotation velocity Vrot, and the azimuthally averaged velocity dispersion
σ in circular radial bins as function of radius. It is evident that the radial gradients are less resolved with fewer tracers, and that the amplitude
of rotation for the case with 200 stars is oversmoothed. This happens because the kernel width is larger than the real spatial scale of the velocity
gradients due to the sparse distribution of the tracers. The blue full circles show a simulation with higher V/σ ratio and two of its typical statistical
realizations sampled by 200 objects to illustrate how of the accuracy of the reconstructed velocity amplitudes depends on the statistical noise.
Errors for the kinematic profiles are determined from Monte Carlo simulations using the smoothed velocity and velocity dispersion fields as
described in section 3.2.2.
conclude that the procedure to calibrate the smoothing parame-
ters through Monte Carlo simulations (section 3.1.1) works very
well in reconstructing the mean properties of the velocity and
velocity dispersion fields. Even though the smoothing procedure
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may create artificial peaks or deeps in the velocity maps, all these
features are generally within the 1σ level. Any radial trends can
therefore be considered significant only if it is outside the statis-
tical uncertainties.
However, we can notice that as the number of tracers drops
or the ratio V/σ decreases, the amplitude of rotation is systemat-
ically underestimated, while the velocity dispersion is systemat-
ically higher (see also Napolitano et al. 2001). This happens be-
cause lower numbers of stars or higher statistical noise require
larger smoothing scales, which eventually become larger than
the actual spatial scales of the velocity gradients. Oversmoothed
velocity amplitudes, i.e. lower 〈v〉, imply higher σ˜ in equation
(2). There is no way to estimate this offsets unless the mean
velocity and velocity dispersion fields of the galaxy are known
from independent data, since the effects of the smoothing jointly
depend on the local density of tracers, on the V/σ ratio, and on
the particular statistical realization (e.g. A and B in figure A.1),
hence they vary from case to case. It is however safe to say that
for the galaxies with limited statistics the recovered kinematics
provides a lower limit to the amplitude of rotation and an upper
limit for the velocity dispersion in the halos.
Appendix A.3: Statistical tests with simulated velocity fields
on real galaxies
Simulated velocity fields were used to verify the results obtained
for the ePN.S sample of galaxies, such as assessing the signif-
icance of deviations from point symmetry or the radial trends
of the kinematic parameters. These simulated velocity fields are
featureless and trend-less (fixed kinematic position angle and
constant velocity dispersion) and are built for each galaxy us-
ing the positions of the observed PNe. This means that the in-
completeness function is already built into the simulated cata-
logs and is identical to that for the real galaxy under study. In
this way we can check how the smoothing procedure correlates
spatially close PNe, as the degree of spatial correlation in the
models will be identical to that of the real datasets.
The simulated velocity field at the positions (xi, yi) of the
ith PNe, from the real datasets, is interpolated with the simple
function
V(φi,Ri) = Vrot cos(φi − PAphot) arctanh(Ri/h) (A.1)
where φi is the position angle of the ith PN with coordinates
(xi, yi), Ri its distance from the center, and h is a scale-length
that defines the steepness of the central velocity radial gradient.
Vrot is chosen to be equal to the maximum fitted rotational ampli-
tude for the galaxy in consideration, while h has the dimension
of the central void of the detections (∼ 50 arcsec). We choose
to align the rotation of the simulated velocity field with the real
photometric position angle of the galaxy, in order to simulate
the velocity field of a regular, point-symmetric disk. The model
velocity field V(xi, yi) is sampled with a constant dispersion σ,
which is equal to the mean velocity dispersion of the galaxy un-
der study. This is done by extracting random values from a Gaus-
sian distribution centered at 0 and with dispersion σ, and adding
them to V(xi, yi). The assumption of constant dispersion is cer-
tainly unrealistic for the central regions of the galaxies, but it is
reasonable at large radii. We produced 100 statistical realizations
for each galaxy, and each of those is treated as a real dataset for
obtaining a total of 100 smoothed velocity fields.
The smoothed velocity fields obtained in this way were used
to assess whether an observed feature in the galaxy velocity or
velocity dispersion field is real, by studying whether it can be
produced by statistical effects in a featureless velocity field, and
how typically this happens (see sections 5.1 and 6.3). Also, the
100 models can provide a statistic for the fitted kinematic param-
eters (equation 9) to check the probability that statistical noise
combined with the smoothing procedure artificially produce ef-
fects like twists of the kinematic position angle or misalignments
with the photometric axes (section 6.4).
Appendix B: Photometric profiles and models
In this appendix we report extended photometric data from the
literature for three quarters of the ePN.S galaxies to compare
with the PN kinematic analysis of this paper, as discussed in sec-
tion 8.4. Furthermore we present illustrative photometric models
which reproduce the main trends seen in the photometric profiles
of the galaxies.
Appendix B.1: Photometric profiles from the literature
Figure B.1 shows ellipticity and PAphot profiles from the litera-
ture for the subsample of the ePN.S galaxies (references in ta-
ble 2) with photometric data reaching at least 4 Re, excluding
the merger remnants NGC 1316, NGC 4472, and NGC 5128.
For three galaxies, NGC 0584, NGC 2768, and NGC 5866, we
marked the outermost photometric measurements that may be af-
fected by perturbations from ongoing interactions (see appendix
C). For NGC 1023 and NGC 3384 the presence of multiple com-
ponents like e.g. the bar affect the PAphot and ellipticity profiles.
Therefore for these galaxies we flagged the corresponding re-
gions, as described in appendix C. These regions are highlighted
with open symbols and black vertical lines in figure B.1.
The PAphot profiles in figure B.1 show more or less pro-
nounced variations with radius for most of the galaxies. All SRs
have isophote twists, typically ∼ 10 − 40 degrees with a very
large twist in NGC 4374. For the fast rotating galaxies classified
as triaxial in section 6.4 photometric twists range from ∼ 3 − 20
degrees with the largest twist in NGC 4494 (∼ 22 degrees). For
the other FRs the photometric twists range from ∼ 0−28 degrees,
with two galaxies NGC 4278 and NGC 0584 having twists of
∼ 28 degrees. The latter objects are consistent with axisymme-
try at the resolution of the kinematic survey, but the photometry
suggests that some of them might be triaxial as well.
The ellipticity profiles show that while most of the SRs be-
come flatter in the outskirts, the opposite is true for the FRs.
Most of the FRs shown in figure B.1 have decreasing ellipticity
profiles at large radii, approximately at the distance where Vrot
is observed to drop. The vertical lines indicate the radial range
of the kinematic transition discussed in section 8.6. This is also
evident from the distribution of the maximum ellipticity and of
the outermost measured values in figure 10, and it is consistent
with a picture where the FRs are dominated by a disk component
in the central regions, embedded in a rounder, dispersion domi-
nated outer component which is triaxial for a fraction of the sam-
ple. The exceptions to the decreasing trend in ellipticity at large
radii are NGC 1344, a prolate rotator in the halo, NGC 3379
and NGC 4494 which are both very round at all radii, and NGC
2974, NGC 3384 and NGC 4339 for which the small number of
tracers does not allow us to resolve any kinematic transition.
Appendix B.2: Photometric models of a FR with triaxial halo
Here we describe triaxial photometric models for FR galaxies
which explain the magnitude of the photometric twists seen in
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figure 10, and which are used in the discussion in section 8.4.
These simple models are not meant to provide an exact descrip-
tion of the intrinsic shape of a galaxy. Their purpose is to obtain
a reasonable representation of the structure of FRs with triaxial
halos, to derive what is the maximum isophotal twist expected,
and compare it with the observations.
To build these models we use the results of previous studies
on the intrinsic shapes of FRs that constrain their central regions.
Weijmans et al. (2014) and Foster et al. (2017) found that FRs are
close to oblate (p ∼ 1), and rather flat (q ∼ 0.3). Guided by the
PN kinematic results, we assume that the intrinsic shape of the
FR model changes from flat and oblate in the innermost regions,
to rounder and mildly triaxial beyond the transition radius in the
outer regions, as discussed in section 8.4. Weijmans et al. (2014)
and Foster et al. (2017) found that SRs have q ∼ 0.6, but the p
value is not well constrained (their analysis failed to converge).
The main reason for this is the rather small number of SRs in
the ATLAS3D and in the SAMI samples. In addition, as argued
by Foster et al. (2017), the family of SRs comprises both truly
spheroidal pressure dominated systems and flattened non-regular
rotators, which might prevent the analysis to converge.
We present here four different photometric models, that have
similar axis ratios in the central regions but different halos intrin-
sic shapes, as well as different realizations in how the transition
between central-oblate regions and triaxial halos occurs:
- the Sérsic model (Model 1) is a one component model
built using the three-dimensional Sérsic deprojection proposed
by Lima Neto et al. (1999) with Sérsic index n = 4 and variable
flattening. The effective radius of the two-dimensional profile is
set equal to the average of the observed Re = 50 arcsec. The
transition radius is also the average of the measured values for
the FRs: RT = 1.8Re. We used (q = 0.3, p = 1) for the inner axis
ratios, as measured by Weijmans et al. (2014) and Foster et al.
(2017). For the outer regions we choose (q = 0.6, p = 0.9), close
to values found by Weijmans et al. (2014) for the SRs. The vari-
ation between inner and outer values of flattening is modeled by
an arctangent function; the width of the radial transition is cho-
sen to be 50 arcsec (mean ∆RT , section 8.6) .
- the cored Sérsic halo plus disk model (Model 2) is a two
component model built from the sum of deprojections of an
n = 4 spheroid and n = 1 spheroidal-exponential disk as
in Lima Neto et al. (1999), but we added a core with radius
Rcore = RT = 1.8 × 50 arcsec to the deprojected n = 4 pro-
file. Both the spheroid and the disk have constant flattening:
(q = 0.6, p = 0.9) for the former, (q = 0.3, p = 1) for the latter.
The horizontal scale-height of the disk is such that 1.67h = RT ,
i.e. the transition radius is equal to the half-light radius of the
disk, as qualitatively observed in section 7.2.1. The effective ra-
dius of the two-dimensional profile of the spheroid is Re = 150
arcsec. The luminosity density of the disk is scaled so that it
equals the luminosity density of the spheroid at r = RT , hence in
this model the disk component dominates the luminosity density
from the center out to RT . This choice makes the total integrated
light of the disk inside r = RT circa 3.5 times the total lumi-
nosity of the spheroidal component inside RT . The intrinsic axis
ratios of the spheroid are (q = 0.6, p = 0.9), those of the disk are
(q = 0.3, p = 1).
- the maximally triaxial cored Sérsic halo plus disk
model (Model 3) is built as Model 2 but with axis ratios
(q = 0.6, p = 0.8) for the halo.
- Model 4 has a strongly flattened triaxial halo plus disk. The
model is built as Model 2 with a cored Sérsic halo, but the axis
ratios are (q = 0.4, p = 0.8).
Each model is observed at 100 random viewing angles. We
chose a coordinate system with axes (x, y, z) aligned, respec-
tively, with the major, the intermediate, and the minor axis of
model ellipsoids, and called φ and θ the azimuthal and polar
angles that define the direction of the line-of-sight (LOS). We
choose the LOS by random samplings of the solid angle cen-
tered on the center of the ellipsoids dΩ = sin θdθdφ. This makes
the probability of observing the galaxy face-on (i.e. θ = 0) lower
with respect to edge-on (θ = 90). The models, projected on a
plane orthogonal to the LOS, are fitted with ellipses using the
IRAF task ELLIPSE (Tody 1993), to derive surface brightness,
ellipticity and position angle profiles.
Figure B.2 shows the result of this analysis on three models
for 6 different values of θ in bins of 15 degrees. The shapes of
the model ellipticity and position angle profiles are qualitatively
similar to the observed profiles in figure B.1. Large photometric
twists (> 10 degrees) are observed for viewing angles θ . 50
degrees for Models 1 and 2, and for θ . 65 degrees for Mod-
els 3 and 4. The rate of occurrence of large twists is of order
∼ 30% for our models (45% for Model 3), as shown also in fig-
ure 10 in section 8.4 where we report the maximum twist versus
the mean ellipticity. The distribution of the models in this dia-
gram represent well the location of the ePN.S FRs, for which
we observe a fraction 37% having photometric twists larger than
10 degrees. This analysis based on simple triaxial photometric
models shows that the presence of small photometric twists, as
typically observed for most of the FRs, is consistent with the
presence of a triaxial halo, i.e. it is likely that detailed individual
models of these galaxies can be constructed that are consistent
with the measured kinematic and photometric twist angles.
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Fig. B.1. Position angle (red triangles, y axis on the left) and ellipticity profiles (dark blue squares, y axis on the right) for the subsample of the
ePN.S galaxies with literature photometry reaching at least 4Re (references in table 2). The NGC numbers of the galaxies are shown in red for the
SRs, in blue for the FRs, and in green for the FRs with triaxial halos. The open symbols and the black vertical line for NGC 0584, 2768, 5866
mark regions that are probably affected by ongoing interactions, and for NGC 1023 and NGC 3384 the regions affected by the presence of other
photometric components, e.g. the bar (see appendix C). For NGC 4594 we excluded the data beyond 350" where the small ellipticity corresponds
to large uncertainties in the PAphot measurements. The horizontal lines report the PAphot (solid line) and  (dotted line) with values listed in table
1. The red dot-dashed vertical lines show the kinematic transition range RT ± ∆RT from section 8.6.
Fig. B.2. Surface brightness, position angle, and ellipticity profiles for three photometric models described in this appendix B.2, at different
inclinations θ (θ = 0 for face-on, θ = 90 edge-on). For each photometric model, we show one random projection in each of six intervals ∆θ = 15
degrees, starting from near face-on (∆θ = 0− 15 degrees, darkest color profile), through ∆θ = 15− 30 degrees, etc., to near edge-on (∆θ = 75− 90
degrees, lightest profile). These ∆θ intervals represent 3%, 10%, 20%, 19%, 21%, 27% of 100 random directions, from face-on (darkest) to edge-on
(lightest profiles).
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Appendix C: Notes on single galaxies and
comparison with the literature
Appendix C.1: Fast rotators
– NGC 0584. This is the brightest member of a small clus-
ter containing mostly E galaxies (van den Bergh 1961). It is
classified as a E4 in the NED catalog, but seems to contain a
disk structure (Michard & Marchal 1994). Our PN kinematic
data show that the galaxy halo rotates with at least ∼ 50 km
s−1along the photometric major axis, and has a velocity dis-
persion of ∼ 100 km s−1. The galaxy has central ellipticity
 ∼ 0.4 which falls to ∼ 0.1 at 150′′ ∼ 5Re from whereon 
increases again. The photometry shows pronounced isophote
twist starting at ∼ 1Re, which steepens beyond 5Re. Both the
outer increase in ellipticity and the rapid outer isophote twist
may be related to the nearby companion galaxy, NGC 0586;
therefore we consider only the region where the ellipticity
decreases as intrinsic to the galaxy.
– NGC 0821. This is a field E6 galaxy. The ATLAS3D ve-
locity field (Emsellem et al. 2004) maps the inner regions
of the galaxy where it behaves like a regular rotator along
the photometric major axis. The PNe sample, instead, probes
the kinematics from 1 to 5Re and show a sustained rotation
along the photometric minor axis with a maximum amplitude
of 51 ± 16 km s−1, suggesting the triaxiality of the object.
No rotation is detected along the major axis. The long-slit
data from Proctor et al. (2009) and the integral field map of
Arnold et al. (2014) agree in detecting rotation along the pho-
tometric major axis, with decreasing amplitude (80 km s−1at
0.3Re to very slow rotation at R < 2Re). They do not detect
any rotation along the minor axis, but their data do not ex-
tend far beyond 1.5Re along that axis. The kinemetry of Fos-
ter et al. (2016), based on the same data used by Arnold et al.
(2014) but with a more careful treatment of outliers, shows a
radial twist of the PAkin between 40 to 60 arcsec towards the
same position angle measured from the PNe. Long slit data
from Weijmans et al. (2009) and Forestell & Gebhardt (2010)
also show some minor axis rotation at large radii. PN data
are consistent with the kinematics of the blue GCs (see Pota
et al. 2013), which are found to rotate at ∼ 85 km s−1along
a direction consistent with the photometric minor axis. The
red GCs instead appear to faintly counter-rotate with respect
to the host galaxy stars. The outer gradient of the velocity
dispersion radial profile has been debated in the literature,
with implications on the inferred dark matter content of the
galaxy. The PN data combined with the long slit stellar kine-
matics show a decrease of the velocity dispersion as a func-
tion of radius, consistently as both red and blue GCs show,
while Proctor et al. (2009) and Forestell & Gebhardt (2010)
found a flat profile within 100 arcsec.
– NGC 1023. This is a barred lenticular galaxy (SB0), bright-
est member of a group of 13 galaxies (Tonry et al. 2001). It
has a small companion NGC 1023A, which is probably in-
teracting with the main galaxy (Sancisi et al. 1984), but it
is likely too small to cause significant disruptions in the dy-
namical state of the main galaxy (Noordermeer et al. 2008).
The ATLAS3D velocity map (Emsellem et al. 2004) cov-
ers the innermost regions of the galaxy, up to half effec-
tive radii, and displays rotation with maximum amplitude of
∼ 120 km s−1and strong twist of the zero-velocity line. The
stellar kinematics along the major axis of Debattista et al.
(2002) and Boardman et al. (2017) show that the rotation
continues to increase mildly in the outer regions exceeding
200 km s−1beyond 2Re. Both the PN and SLUGGS (Arnold
et al. 2014) velocity maps show decreasing rotation beyond
3Re, (see also Noordermeer et al. 2008; Coccato et al. 2009;
Cortesi et al. 2013b). The galaxy does not show any twist of
the kinematic position angle or any misalignment with the
photometric axis. The non zero third order harmonics ampli-
tudes describe a rather cylindrical velocity field. The velocity
dispersion map shows minimum values (σ ∼ 40 km s−1) at
the location of the disk, while the outermost (bulge) PNe are
hotter (σ ∼ 120 km s−1). The photometric position angle
profile is influenced by the presence of the bar at R < 100”
(Barbon & Capaccioli 1975), therefore we excluded these re-
gions from our discussion of the photometric twists.
– NGC 1316. This is a giant elliptical (also classified as a pe-
culiar S0), member of the Fornax cluster (Fornax A). NGC
1316 is a known merger remnant. Its photometric substruc-
tures were mapped for the first time by Schweizer (1980),
and were recently studied by Iodice et al. (2017). The PN
velocity field is highly asymmetric, showing that the galaxy
is in a non-equilibrium phase. The modeling with a point-
symmetric rotation model gives an approximate description
of the properties of the galaxy. The fit of the a0(R) param-
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Fig. C.1. Smoothed velocity field and velocity dispersion field of NGC 1316 shown on the DSS image; north is up, east is left. The circles highlight
the PNe belonging to a structure in the phase space, discussed in the text. The black contours trace features in the surface brightness distribution
(designations from Schweizer 1980). In red is marked the position of the feature O1 observed by Richtler et al. (2014). The arrow at the bottom
right shows the direction of the PAphot.
eter of the rotation model (see equation 10) in radial bins
shows the presence of peculiar bulk motions in groups of
PNe. There is no kinematics from integral field spectroscopy
in literature, and the comparison with the long-slit observa-
tions from Bedregal et al. (2006) shows general good agree-
ment with our data in the regions of overlap. The PNe in the
halo of NGC 1316 (figure C.1) reveal that the galaxy rotates
along the major axis with an amplitude of ∼ 65 km s−1, as al-
ready observed by Arnaboldi et al. (1998); McNeil-Moylan
et al. (2012). The structures in the velocity field can be spa-
tially associated with corresponding surface brightness fea-
tures in the same location. There is an overdensity of PNe
on the north-eastern part, co-located spatially with the ripple
R4 (the designations of the photometric features are from
Schweizer 1980, and their positions are indicated in black in
figure C.1), with velocities that do not have a point symmet-
ric counterpart. Other groups of PNe that result in non-point-
symmetric velocities are those possibly related with the loop
L1, on the south-west side, and to the plume P in the north-
west. Figure 2 shows that the PNe of NGC 1316 in the in-
nermost radial bin (∼ 100 arcsec) have a velocity offset of
& 150 km s−1with respect to the systemic velocity. This is
produced by a group of relatively slower PNe with mean ve-
locity ∼ 1325 km s−1and dispersion ∼ 60 km s−1(highlighted
in figure C.1 with white circles, along with the photometric
feature O1 found by Richtler et al. 2014, in red). These PNe
are not associated with any substructures in the light, and the
fact that they are very localized in the phase space challenges
(but does not rule out) the possibility that they could be con-
taminants. More likely this kinematic feature is the result of
a combination of spatial incompleteness and differential ab-
sorption from localized dust in the galaxy, producing local
lacks of detections in the phase space and so more negative
smoothed velocities V˜. A more detailed study is beyond the
scope of this paper.
– NGC 1344. This galaxy, also known as NGC 1340, is an
E5 elliptical belonging to the Fornax cluster. It is character-
ized by the presence of internal and external concentric shells
(Malin & Carter 1980), as consequences of a recent merger
activity. The smoothed velocity field does not deviate from
point symmetry, however it shows that the galaxy in the out-
skirts rolls around the photometric major axis. The velocity
dispersion field shows a gently decreasing profile. Unfortu-
nately there is no integral field stellar kinematics available
for a comparison with the PNe kinematics. The long slit stel-
lar kinematics (Teodorescu et al. 2005) show sustained rota-
tion along the photometric major axis that reaches ∼ 100 km
s−1at 1.3Re and a decreasing velocity dispersion. The σ val-
ues from the spectroscopy are in agreement with those found
with the PN data. We do not detect such an strong rotation,
probably because of the different radial coverage of the PN
data.
– NGC 2768. This S0 is a field galaxy (Madore et al. 2004)
or member of a poor group (Fouque et al. 1992). NGC 2768
has a cylindrical velocity field (Emsellem et al. 2004) whose
amplitude remains constant at around ∼ 130 km s−1from the
innermost regions (Emsellem et al. 2004) to the outskirts (see
Proctor et al. 2009; Pota et al. 2013). Our velocity map is in
good agreement with that presented by Arnold et al. (2014)
and extends it beyond 6Re. There is some discrepancy be-
tween the PN Vrot and the kinemetry fit from Foster et al.
(2016) in the innermost radial bins where the disk strongly
dominates. This is due to the fact that the smoothed PN ve-
locity field in these bins is an average over the fast rotating
PNe in the disk and the more slowly rotating PNe from the
spheroid. A kinematic study of the different components of
this galaxy was published by Cortesi et al. (2013b). At larger
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radii (r & 3Re) the contribution of the disk weakens and the
PN kinematics trace the spheroid. In this region we find a
constant sustained (V ∼ 130 km s−1) rotation along the pho-
tometric major axis. The velocity dispersion profile is flat at
∼ 140 km s−1. The PN smoothed velocity field of NGC 2768
shows localized, small scale deviations from point symmetry.
These asymmetries do not influence the kinematic analysis,
but we used the unfolded catalog to build the velocity fields.
The light distribution shows asymmetries beyond ∼ 20 kpc
radius (Duc et al. 2015) which cause an increased isophote
twist beyond 3Re = 186′′ ∼ 20 kpc. The PN velocity field
is aligned with the major axis except in the last bin which
could be related to these asymmetries. Therefore the galaxy
is classified as consistent with axisymmetry. The PN kine-
matics agrees with that of GCs. Pota et al. (2013) found sig-
nificant rotation only for the red GCs along the photometric
major axis and with constant amplitude. Their velocity dis-
persion decreases with radius.
– NGC 2974. This is an elliptical (E4) field galaxy. Its kine-
matics was mapped by the SAURON survey (Emsellem et al.
2004), showing that the galaxy is rotating at ∼ 120 km
s−1along the photometric major axis, while the velocity dis-
persion has a steep decreasing profile. PN kinematic data
show that the galaxy halo rotates at least at ∼ 70 km s−1along
the photometric major axis, and has a velocity dispersion of
150 km s−1.
– NGC 3115. This is an S0 associated with a loose group of
galaxies (Fouque et al. 1992). It has a nearly edge-on disk
(i = 86 degrees) which flares outwards (Capaccioli et al.
1987). The long slit spectroscopy from Norris et al. (2006)
and the IFS observations of Guérou et al. (2016) show that
the rotation velocity increases steeply from the innermost re-
gions to ∼ 230 km s−1around ∼ 1Re = 93′′. The major axis
profile from Guérou et al. (2016) offset by 20 arcsec along
the minor axis show that also the spheroidal component has
pronounced rotation. The velocity dispersion field is colder
(σ ∼ 120 km s−1) in the region dominated by the disk, and
hotter along the minor axis (σ ∼ 220km s−1). The kinemetry
of Foster et al. (2016) on SLUGGS data show that the am-
plitude of rotation decreases from ∼ 1 Re outwards. The PN
data show a cylindrical velocity field with gently decreasing
rotation amplitude reaching ∼ 120 km s−1at ∼ 3Re, where the
spheroid dominates. The PAkin has a constant misalignment
of ∼ 10±5 degrees with respect to PAphot. By comparison the
kinemetry from Foster et al. (2016) in figure 6 has ∼ 5 ± 10
degrees misalignment at 200” major axis radius, slightly off-
set from the PAphot in the same direction as the PNe, showing
that both datasets agree within the errors. This misalignment
is probably related to perturbations at the interface between
the disk and the spheroid, visible as deviations from axisym-
metry in the photometry of the disk component. Capacci-
oli et al. (1987) found that the spheroidal component of this
galaxy shows a photometric twist of ∼ 4 degrees, from ∼ 45
degrees at 10 arcsec to ∼ 41 degrees at 350 arcsec. The disk
instead flares (figure 23 from Capaccioli et al. 1987) and has
a warp of few degrees (their figure 24) in the same direction
of the PN velocity field. The same features are visible in the
photometry of Guérou et al. (2016) (their figure 11) and in
new observations with the VST telescope (VEGAS survey,
Iodice private communication). This shows that NGC 3115
is indeed a complicated case, and we therefore do not include
it in the sample of galaxies with triaxial halo.
– NGC 3377. It is an E6 galaxy in the Leo I group. The absorp-
tion line kinematics (Coccato et al. 2009; Emsellem et al.
2004; Foster et al. 2016) shows that the galaxy displays a
disk-like rotation in the inner regions, which starts to de-
crease at ∼ 1.5Re. Our analysis of the PN kinematics shows
that the decreasing trend continues out to large radii, where
it becomes 16 ± 8 km s−1at ∼ 4Re and 11 ± 7 km s−1beyond
∼ 7Re. The kinematic major axis position angle twists with
radius in the outskirts in agreement with Foster et al. (2016).
The velocity dispersion at large radii decreases very gently
with radius, from ∼ 80 km s−1at 1 Re and to . 60 km s−1at 8
Re. This is consistent with the GC study of Pota et al. (2013),
whose kinematics reaches ∼ 8Re. While the red GCs show a
constant rotation of ∼ 50 km s−1, the blue ones do not rotate
significantly in agreement with the PNe. The velocity dis-
persion of the whole GC sample is consistent with that from
PNe.
– NGC 3379. This is the largest galaxy in the Leo I group,
classified as an E1. The PN system of this galaxy is has
been widely studied in literature (Ciardullo et al. 1993; Ro-
manowsky et al. 2003; Sluis & Williams 2006). The velocity
maps from Emsellem et al. (2004) reveal that the galaxy ro-
tates regularly along its photometric major axis (V MAXrot ∼ 63
km s−1), while the velocity dispersion has a central peak of
∼ 220 km s−1and it decreases to 180 km s−1around 0.25Re.
Then, the long slit data of Statler & Smecker-Hane (1999)
and Weijmans et al. (2009) show that the profile gently de-
clines to ∼ 120 km s−1at ∼ 2Re. The PN smoothed velocity
field is in good agreement with the inner kinematics and ex-
tends it to 6Re. We find that the galaxy has a rotation along
an axis that twists from the photometric major axis position
angle (∼ 70◦ at ∼ 15 arcsec) towards higher values at large
radii. We observe the onset of a rotation along the minor axis
at ∼ 2.5Re. This is reflected in the trend of the fitted kine-
matic position angle and in the amplitudes of the third or-
der harmonics. The amplitude of this additional rotation is
∼ 30 km s−1. At the moment there are no integral field kine-
matic data covering these large distances from the center of
the galaxy. The velocity dispersion map shows that the de-
cline continues up to 6Re where it reaches values around 70
km s−1.
– NGC 3384. This lenticular galaxy is a member of the Leo
I group (Fouque et al. 1992). We find a rotation velocity of
160 ± 7 km s−1at ∼ 7Re, consistent with the rotation ampli-
tude published by Krajnovic´ et al. (2011). We do not observe
any twist of the kinematic position angle or any misalign-
ment with the photometric one, and the motion is that of
a regular rotator. The velocity dispersion map in Emsellem
et al. (2004) shows that the σ has a double peak at the center
(σ ∼ 155 km s−1), and a declining profile that reaches ∼ 80
km s−1at ∼ 0.5Re. The PN data show a velocity dispersion of
∼ 80 km s−1. Cortesi et al. (2013b) performed a kinematic
analysis of the disk and spheroid component separately. The
photometric study of Meusinger & Ismail (2007) showed the
presence of an "inner component" and and "elongated" com-
ponent, visible in the PAphot profiles as a local minimum at
R = 3” and a local maximum at R = 15”. Therefore we
considered only the regions at R > 30” in our discussion in
section 8.4.
– NGC 3489. This S0 galaxy belongs to the Leo I group. The
ATLAS3D kinematic map (Krajnovic´ et al. 2011) shows a fast
rotation along the photometric major axis, whose amplitude
reaches ∼ 115 km s−1at ∼ 1Re. PN data show that the halo
of this galaxy is also rotating at > 40 km s−1. The dispersion
is around 80 km s−1, consistent with Cappellari et al. (2011).
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We refer to Cortesi et al. (2013b) for a kinematic analysis of
the the disk and spheroid component separately.
– NGC 4278. This a rather round elliptical galaxy (E1-2),
member of the Coma I group. The ATLAS3D kinematic map
Krajnovic´ et al. (2011) shows that stars are regularly rotat-
ing only within 0.5Re along a direction slightly offset from
the photometric major axis, while there is very weak or no
rotation farther out. The kinemetry of Foster et al. (2016)
shows that the galaxy does not significantly rotate beyond
1Re. The PN velocity field does not show any significant ro-
tation, hence also the kinematic position angle is not very
well defined. Pota et al. (2013) do not find any evidence of
rotation for the metal rich GCs, while the blue metal poor
GCs display a weak rotation in the outer regions, along a di-
rection between the major and the minor axes. The velocity
dispersion falls rapidly with radius from a central value of
∼ 270 km s−1to ∼ 120 km s−1at ∼ 2Re (Bender et al. 1994;
Emsellem et al. 2004; Foster et al. 2016). Our map shows
values of σ almost constant at 130 km s−1, in good agree-
ment with the literature.
– NGC 4339. This is a member of the Virgo cluster, classi-
fied as intermediate type between E0 and S0. It is regular
FR, showing no misalignment between the photometric and
kinematic major axis (Cappellari et al. 2011). The PN mo-
tion agrees with the stellar kinematics showing a rotation of
> 20 km s−1and a dispersion of 30 km s−1.
– NGC 4473. This Virgo galaxy is an E5 disky elliptical. It
is well known for its multicomponent central kinematics
(Emsellem et al. 2004): it is a fast but non-regular rotator
(V MAXrot = 63 km s
−1, along the photometric major axis) and
the velocity dispersion map displays a double peak, which
have been interpreted as the presence of a counter-rotating
disk (Cappellari et al. 2007), maybe formed in binary disk
major mergers (Bois et al. 2011). We detect a low amplitude
rotation of ∼ 30 km s−1along a direction tilted with respect to
the photometric major axis. The kinematics from integrated
light of Foster et al. (2013) already proved this object to be
triaxial. Our velocity dispersion map does show the double
peaked structure along the major axis, where σ ∼ 160 km
s−1. The velocity dispersion decreases to ∼ 100 km s−1at
10Re.
– NGC 4494. This is an E1 galaxy in the NGC 4565 group.
The velocity map from Krajnovic´ et al. (2011) shows a kine-
matically distinct core. The galaxy rotates almost constantly
at ∼ 60 km s−1up to 2Re (Napolitano et al. 2009; Foster et al.
2016). In the halo we find that this amplitude decreases with
radius. There is evidence for an additional component rotat-
ing along the photometric minor axis at ∼ 25 km s−1, as also
shown by the twist of the PAkin. The velocity dispersion field
shows a peak at the center (σ ∼ 150 km s−1), and then de-
creases to ∼ 80 km s−1at R & 5Re, in very good agreement
with the stellar kinematics. The four-fold structure that ap-
pears in the σ map is a result from smoothing procedure, and
reflects some unresolved gradient in the velocity field. The
trend of the rotation amplitude from PN kinematics seems
to be confirmed by the kinematic map from Arnold et al.
(2014), but their data do not extend out in radii enough to
show any rotation along the minor axis. The kinematics of
GCs is studied by Foster et al. (2011) out to ∼ 3.5Re. They
found that the metal poor GCs rotate with similar amplitude
as the galaxy stars, while the metal-rich GCs show marginal
rotation. The velocity dispersion profile of the global GC
sample is consistent with that of the stars.
– NGC 4564. NGC 4564 is an E4 galaxy in the Virgo cluster. It
shows a prominent stellar disk along the apparent major axis,
so that it has also been referred as an S0 (Michard & Marchal
1994). We agree with the stellar kinematic from Foster et al.
(2016) and we extend it beyond 6Re, where the galaxy is still
clearly rotating along its photometric major axis (Vrot ∼ 95
km s−1). The velocity dispersion profile is decreasing, from
the central peak of 180 km s−1(Emsellem et al. 2004) to ∼ 70
km s−1at 6Re.
– NGC 4594. NGC 4594, also known as "the Sombrero" (M
104), is an SAa galaxy in the Virgo cluster. It has an ex-
tremely bright bulge, while its disk contributes only 10% of
the light (Burkhead 1986) and has pronounced dust lanes.
Kinematics from line-profile measurements show that the
galaxy rotates along its major axis reaching ∼ 250 km s−1at
∼ 1Re, where the rotation curve flattens to a constant ampli-
tude (Kormendy & Illingworth 1982; van der Marel et al.
1994). The velocity dispersion declines from the central
value of ∼ 280 km s−1to values close to 100 km s−1where the
disk component dominates. The bulge, instead, has a disper-
sion remarkably constant at 210 km s−1. Our PN data extend
beyond 4Re, but there is a void in the detections along the
major axis because of the dust lane. For this reason the PNe
do not trace the fast rotating disk, and their kinematics is in
very good agreement with the integrated light kinematics of
Kormendy & Westpfahl (1989) from a slit parallel to the ma-
jor axis, offset by 30 arcsec. Extinction effects are probably
also responsible for the slight asymmetry of the smoothed
velocity field, so the kinematic analysis is performed on the
unfolded catalog. These asymmetries are localized and do
not significantly influence the kinematic results. The only
studies of the kinematics of this galaxy at large radii is from
Bridges et al. (2007) and Dowell et al. (2014) using GCs.
The latter sample distances out to 24’ with 360 tracers, find-
ing little or no evidence of rotation in the GC system as a
whole, and within the red and blue subpopulations. The pho-
tometry shows ellipticity less than 0.1 and a correspondingly
uncertain large isophote twist beyond 350” which we do not
include in the photometric analysis.
– NGC 4649. Also known as M 60, it is an E2 galaxy in the
Virgo cluster. It forms a close optical pair with NGC 4647,
but the lack of evidence of strong tidal interaction features
(e.g. Young et al. 2006) suggests that the galaxies are at dif-
ferent distances. The ATLAS3D velocity map shows a reg-
ular, cylindrical rotation of ∼ 95 km s−1(Krajnovic´ et al.
2011), while the dispersion has a central peak of ∼ 370 km
s−1and it decreases to ∼ 260 km s−1at 0.5Re. The kinematic
maps from Arnold et al. (2014) shows that the cylindrical ro-
tation extends up to 2Re, while there the dispersion is ∼ 120
km s−1. The PN data extend out to 5 Re. The smoothed PN
velocity field shows that the amplitude of the rotation along
the photometric major axis decreases with radius, and no ro-
tation along the major axis is detected beyond 2Re. In the
outer regions, instead, the system rotates along a nearly or-
thogonal direction, suggesting a triaxial halo. The velocity
dispersion is roughly constant at ∼ 200 km s−1from 1 to 5
Re. We see a slight bump in the dispersion profile at 3 Re,
but it may be associated to an unresolved velocity gradi-
ent. There are several studies of the GC kinematics in NGC
4649. The most recent, with the largest sample is from Pota
et al. (2015). The red GCs display a nearly constant rota-
tion with radius along the photometric major axis. Interest-
ingly they observe a dip in rotation velocity between 100 and
200 arcsec, where we observe the inner rotation decreasing
also. The blue GCs also show hints of rotation at all radii,
with lower amplitude, and generally along the major axis of
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the galaxy. Blue GCs also appear to have a minor axis rotat-
ing component at 300 arcsec, coinciding with the one found
with the PNe. The velocity dispersion of GCs is constant at
σ = 240 ± 30 km s−1.
– NGC 4697. This is an E6 galaxy in the Virgo southern ex-
tension, belonging to a group of 18 galaxies (Garcia 1993).
This galaxy has 535 PN detections by Méndez et al. (2001).
In this dataset Sambhus et al. (2006) found evidence for two
separate PN populations, with different luminosity functions,
spatial distributions, and radial velocities. In particular the
secondary population of PNe is found to be azimuthally un-
mixed and not in dynamical equilibrium. The velocity field
shows a rotation along the photometric major axis with am-
plitude decreasing with radius from the maximum ∼ 90 km
s−1at 1Re to ∼ 15 km s−1at 2.5. There is a hint for an in-
crease in the amplitude of rotation at larger distances (∼ 40
km s−1at 4.5Re). The kinematic position angle is constant,
aligned with the photometric major axis. There is a variation
of the PAkin profile at ∼ 3Re, but we did not interpreted it
as signature of a triaxial halo, as the present dataset still in-
cludes the secondary not-in-equilibrium population of PNe.
The velocity dispersion steady declines with radius, from
∼ 180 km s−1at 0.5Re to ∼ 100 km s−1at 4.5Re. The kine-
matic maps from Krajnovic´ et al. (2011) and Spiniello et al.
(2015) show a regular disk-like rotation with a maximum
amplitude of 111 km s−1, confirming the trend for the ro-
tation amplitudes that we find. Arnold et al. (2014) also ob-
serves a clear decline of the rotation and of the velocity dis-
persion, in agreement with PN data.
– NGC 4742. This is a field E4 galaxy. It is a faint object,
so the number of PN detections is relatively low. We detect
a rotation of at least ∼ 74 km s−1, in agreement with the
stellar kinematics of Davies et al. (1983). The direction of
rotation is along a direction misaligned with respect to the
photometric position angle. The dispersion decreases from
100 km s−1at 1.5 arcsec (Davies et al. 1983) to below 50 km
s−1in the outskirts. The photometric PA profile from Li et al.
(2011) shows a jump inside ∼ 40′′ which is in disagreement
with Lauer et al. (1995) based on HST data. Because the PA
from Lauer et al. (1995) agrees with the outer profile from
Li et al. (2011) we therefore use combined ellipticity and PA
profiles from both sources.
– NGC 5128. Also known as Centaurus A, it is a giant ellip-
tical (often classified as a peculiar lenticular) in the Centau-
rus group. It shows clear signs of its accretion history in tidal
streams and shells (Malin et al. 1983; Peng et al. 2002; Crno-
jevic´ et al. 2016), evidences of major nuclear activity (see
e.g. Neumayer 2010), and jet-induced star forming regions
(e.g. Rejkuba et al. 2002). Its kinematics probed by PNe re-
flects the presence of regions which are not in equilibrium,
showing a highly asymmetric and rich in subcomponents ve-
locity field. The fit of the a0(R) parameter of the rotation
model (10) in radial bins shows the presence of peculiar bulk
motions in groups of PNe. The galaxy shows a rotation along
the photometric major axis (NE direction) with increasing
amplitude, from ∼ 50 km s−1at ∼ 200 arcsec (∼ 1.5Re) till
at least ∼ 150 km s−1at 800 arcsec (∼ 5Re). The system
also displays strong rotation (∼ 100 km s−1) along the mi-
nor axis, revealing its triaxiality (see also Peng et al. 2004).
The deviation from point-symmetry of the kinematics in al-
most all the radial bins is accompanied by several features in
the light. In particular the outermost regions, from 700 arcsec
outwards, show the most important kinematic features (Coc-
cato et al. 2013), in correspondence to the elongated structure
(sketched with black contours in figure C.2) in light extend-
ing roughly along the radio jets (Haynes et al. 1983).
– NGC 5866. NGC 5866 is an SA0 galaxy belonging to a loose
group (Sengupta & Balasubramanyam 2006). It has a narrow,
clear-cut dark lane, running along the disk at an angle with
respect to the photometric major axis. It is a regular, disk-like
rotator (Krajnovic´ et al. 2011) with a maximum amplitude of
∼ 150 − 180 km s−1Foster et al. (2016) at ∼ 2Re, beyond
which the rotation decreases to 110 km s−1at ∼ 3 Re. Our
velocity map shows that the galaxy keeps rotating at approx-
imately constant speed (∼ 85 km s−1) at large radii (up to 9
Re), with a progressive twist of the kinematic position angle.
The PN velocity dispersion map and velocity dispersion pro-
file have values around 90 km s−1that are constant within the
errors from 2 up to 9 Re. We refer to Cortesi et al. (in prep.)
for a kinematic study of the disk and spheroid components.
The photometric position angle is constant from 30”-80”,
then decreasing by ∼ 2 degrees until 160” = 4.5 Re (Michard
& Marchal 1993). Beyond 160” the profile becomes more
irregular which coincides with a flare or X-like structure on
the deep image by Duc et al. (2015) that could be due to tidal
debris along a radial orbit nearly aligned with the disk.
– NGC 7457 This is a field S0. The velocity maps from Em-
sellem et al. (2004) and Arnold et al. (2014) show that this
galaxy is a regular rotator along the major axis. Our PN ve-
locity map shows that the rotation velocity is growing with
radius, reaching 100 km s−1at ∼ 3.5Re. No twisting of the
kinematic major axis is observed. The velocity dispersion is
relatively low, around ∼ 60 km s−1at 1Re, ∼ 40 km s−1at
∼ 3Re. There is good agreement between the PN kinematics
and the kinemetry from Foster et al. (2016).
Appendix C.2: Slow rotators
– NGC 1399. It is a CD galaxy in the Fornax I cluster. We ob-
serve a very low amplitude (30±15 km s−1) rotation inside
1Re along the photometric minor axis, and a slow rotation
also in the halo (R ∼ 4Re), which almost counter-rotates
with respect to the inner regions. The rotation velocity is
also very low in the innermost regions as reported by inte-
gral light kinematics studies (e.g. Graham et al. 1998; Saglia
et al. 2000; Loubser et al. 2008; Scott et al. 2014), which are
in good agreement with the PN data. In particular the inte-
gral field map from Scott et al. (2014) shows that NGC 1399
does not display important ordered motions in the central re-
gions, while at a radius of ∼ 30′′it rotates along the minor
axis (∼ 45 km s−1). The velocity dispersion, instead, is rel-
atively high: it rises steeply in the inner 10 arcsec, reaching
∼ 370 km s−1at the center (e.g. Saglia et al. 2000), while at
large radii (from ∼ 1Re) the PN σ flattens at . 200 km s−1.
McNeil et al. (2010) showed that kinematics of the red GCs
of NGC 1399 is in excellent agreement with the PNe.
– NGC 3608. This is an E2 galaxy in the Leo II group. It
is known to have a counter-rotating core (Jedrzejewski &
Schechter 1988) in the central 0.27Re, aligned with the pho-
tometric major axis and rotating at ∼ 20 km s−1(Halliday
et al. 2001; Emsellem et al. 2004). From ∼ 1Re galaxy starts
to rotate at approximately along the photometric major axis
(Foster et al. 2016). The PN kinematics shows that the grow-
ing trend continues at larger radii, where the amplitude of
rotation reaches ∼ 65 km s−1. The twist of the PAkin reveals
that the system is triaxial. The velocity dispersion decreases
from the central value of ∼ 220 km s−1to 100 km s−1at ∼ 1Re
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Fig. C.2. Smoothed velocity field and velocity dispersion field of NGC 5128 shown on the DSS image; north is up, east is left. Features in the
surface brightness distribution spatially consistent with features in the PN kinematics are contoured in black. The arrow at the bottom left shows
the direction of the PAphot.
(Halliday et al. 2001). We find a constant velocity dispersion
profile in the halo (∼ 90 km s−1).
– NGC 3923. This an E4-5 galaxy in a group of 8 galaxies
(Brough et al. 2006). We detect a cylindrical velocity field
along an intermediate direction between the minor and the
major axes, which rotate at ∼ 75 km s−1. The velocity dis-
persion is constant around 235 km s−1. Long-slit kinematics
from Carter et al. (1998) inside ∼ 1Re shows that NGC 3923
does not rotate significantly along the photometric major axis
for R . 0.5Re, but it displays a weak rotation (∼ 20 km s−1)
along the photometric minor axis. They also found a falling
dispersion profile, from the central value of ∼ 285 km s−1to
∼ 240 km s−1at 0.7Re. Norris et al. (2012) studied the kine-
matics of 79 GC/UCD extended to more than 6Re. They do
not show appreciable rotation, and their velocity dispersion
seem constant with radius.
– NGC 4365. It is an E3 galaxy, one of the brightest mem-
ber of the Virgo cluster. It has a complex kinematic structure
with a counter-rotating core (Bender 1988a), aligned with the
photometric major axis, and a prolate rotation of ∼ 61 km
s−1(Davies et al. 2001), which indicates a triaxial potential.
Our PN velocity field extends to 6Re. The inner kinematics
(R . 2Re) is compatible with no rotation. We do not de-
tect the rolling about the minor axis that Arnold et al. (2014)
report, probably because of the smoothing over the inner ve-
locity gradients. We do measure a significant outer (R & 3Re)
rotation of ∼ 50 km s−1along the major axis, counter-rotating
with respect to the kinematically decoupled core. The veloc-
ity dispersion map has almost constant values, around ∼ 150
km s−1, with slightly lower values in the region along the ma-
jor axis (∼ 140 km s−1). The velocity dispersion measured
by Davies et al. (2001) shows a inner value of > 250 km
s−1which decreases to ∼ 185 km s−1at 0.5Re. Arnold et al.
(2014) measure a σ ∼ 150 km s−1at 2Re, consistent with the
values found with PNe. Blom et al. (2012), studying the GC
kinematics, found that the intermediate metallicity subpop-
ulation (green) rotates along the photometric minor axis, as
the stellar population at intermediate radii, while the red GCs
rotate only at large radii along the photometric major axis in
the opposite direction of the core of the galaxy, in agreement
with the PN kinematics at large radii.
– NGC 4374. Also known as M84, it is a bright E1 galaxy in
the Virgo cluster. The galaxy does not show significant rota-
tion in the innermost ∼ 0.4Re, as reported by Emsellem et al.
(2004) and Foster et al. (2016), while the velocity dispersion
steeply decreases from 310 km s−1at the center to ∼ 200 km
s−1at ∼ 1Re. The PN velocity field shows evidence for rota-
tion only at large radii (R & 2Re), with constant amplitude
∼ 60 km s−1and along a direction compatible with the minor
axis. The velocity dispersion is rather constant around ∼ 220
km s−1up to 6Re. Our kinematics is in agreement with that
from the SLUGGS velocity maps (Arnold et al. 2014; Foster
et al. 2016), but their data extend only to ∼ 2Re. The long slit
kinematics of Coccato et al. (2009) reaches almost 3Re and
agrees in showing no signs of rotation along the major axis,
the onset of rotation along the minor, and constant velocity
dispersion in the outer regions around ∼ 230 km s−1.
– NGC 4472. NGC 4472 (M 49) is an E2 galaxy, the brightest
object in the Virgo cluster. It is surrounded by a complex sys-
tem of diffuse shells and other features in light which are ev-
idences of its recent and still ongoing accretion activity (see
Janowiecki et al. 2010; Arrigoni Battaia et al. 2012; Hartke
et al. 2018). It is classified as a non regular rotator by Kra-
jnovic´ et al. (2011), who also found evidence for a counter-
rotating core. From R ∼ 0.2Re the galaxy rotates at ∼ 60
km s−1(Cappellari et al. 2011; Veale et al. 2017). Beyond
∼ 3Re the PN data show a complicated and out of equilib-
rium kinematics. The halo rotates along a direction compati-
ble with the galaxy minor axis. This motion is neither point-
nor axi-symmetric, and is dominated by the kinematics of the
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Fig. C.3. Smoothed velocity field and velocity dispersion field of NGC 4472 shown on the DSS image; north is up, east is left. The black cross
marks the position of the in-falling dwarf UGC 7636. The arrow at the bottom right shows the direction of the PAphot.
in-falling satellite, the dwarf UGC 7636. A visual inspection
of the smoothed velocity field reveals that the main body of
the galaxy would show major axis rotation once the PNe be-
longing to the satellite are excluded (see Hartke et al. 2018,
for a detailed study). While the velocity dispersion profile is
flat over 4Re at ∼ 250 km s−1, we notice a high dispersion
feature with σ ∼ 350 km s−1in a position corresponding to
the coordinates of UGC 7636.
– NGC 4552. NGC 4552 (M 89) is an E0-1 galaxy in Virgo.
It known to possess a kinematically distinct core, with the
innermost region rotating at ∼ 30 km s−1, and the region
outside 0.3Re having very weak rotation (Simien & Prugniel
1997b; Emsellem et al. 2004). Our PN smoothed velocity
field shows that the galaxy start rotating beyond 3Re. The
smoothed velocity field reveal that the rotation is about two
perpendicular directions. This is reflected in the twist of the
kinematic position angle with radius. The velocity dispersion
map from the data is consistent with the one from the inte-
grated light (Emsellem et al. 2004), and it shows constant
values with radius, around 180 km s−1.
– NGC 4636. This is an E0-1 galaxy in the Virgo cluster. The
velocity map from Krajnovic´ et al. (2011) does not show sig-
nificant rotation in the innermost region (R < 0.25Re). The
velocity dispersion, instead, has a central value of ∼ 240
km s−1and it decreases to 190 km s−1at 0.25Re. The long
slit kinematics from Pu & Han (2011) show that the galaxy
starts rotating along the minor axis at ∼ 40 arcsec (0.2 Re),
and along the major axis at ∼ 85 arcsec (∼ 1Re). The σ pro-
file is gently decreasing along the minor axis, reaching ∼ 100
km s−1at 0.5 Re, while it is rather flat along the major, around
190 km s−1, then it decreases to ∼ 150 km s−1where the rota-
tion starts. We detect a weak rotation ( 40±15 km s−1) along
a direction compatible with the minor axis. In addition, in
the smoothed velocity map there is evidence for a rotation of
comparable magnitude at larger radii (R ∼ 1Re) around the
major axis, in very good agreement with Pu & Han (2011).
The PN velocity dispersion profile decreases abruptly from
∼ 180 km s−1at R < 2Re to ∼ 110 km s−1at 3Re. Schuberth
et al. (2012) find a strong rotation signature for the blue GCs
(V ∼ 88 km s−1along the major axis, but in opposite direc-
tion with respect to the outermost PNe). The red GCs have a
weaker rotation (V ∼ 30 km s−1) along an axis that changes
with being aligned with the minor axis to the photometric
major axis, in agreement with the PN kinematics. For radii
beyond 1.5Re the axis of rotation remains constant along the
direction of the major axis. The dispersion profile of the blue
GC declines with radius, while the red GCs show values of
σ ∼ 135 km s−1.
– NGC 5846. This is an E0 galaxy, the brightest member in
a group of ten. Emsellem et al. (2004) detect a low rotation
of . 30 km s−1and a high central dispersion of 255 km s−1.
PN smoothed velocity field is consistent with low amplitude
rotation. We find constant values for the velocity dispersion
around 180 km s−1. The SLUGGS kinematic maps Arnold
et al. (2014); Foster et al. (2016) are consistent with PN data.
Pota et al. (2013) showed that neither the GC subpopulations
show significant rotation. The velocity dispersion of the red
GCs has a flat profile, around values comparable with those
found for the PNe. The blue GCs have systematically higher
σ ∼ 260 km s−1.
Appendix D: Velocity and Velocity Dispersion
Fields
The following figures show the smoothed velocity and the veloc-
ity dispersion fields for all the galaxies of the sample. The maps
are interpolated on a regular grid of coordinates, as described
in section 6.1. The fields are rotated such that the photometric
major axis is horizontal (PAphot values are listed in table 1); the
orientation is specified by the direction of the arrows indicating
North and East. The X and Y axes units are arc seconds. The
elliptical contours displayed on the velocity fields are ellipses of
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constant ellipticity  as given in table 1, and of major axes radii
equal to even multiples of Re (table 1).
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